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CHAPTER 1:  
INTRODUCTION 
Glacial drift aquifer systems supply reliable groundwater to much of the northern United 
States and southern Canada. In these regions, hydrogeologists, environmental engineers, and 
government officials often use numerical modeling to predict the movement of groundwater and 
contaminants in surficial glacial aquifers. Such models form the basis for wellhead protection 
plans, water resource assessments, or remediation design in many communities. Regional 
groundwater models for these systems often treat the underlying bedrock as an impermeable 
boundary. Although this approach may be acceptable for groundwater supply applications, it 
may be inappropriate for contaminant transport models. Contaminant transport models require a 
more detailed modeling approach incorporating advective, dispersive, and reactive properties, 
which determine where and how contaminants move through an aquifer. 
An example lies below the city of Ann Arbor, where the migration of 1,4-dioxane in a 
glacial aquifer system has led to the establishment of a 3.8 mi
2 
(~10 km
2
) groundwater use 
prohibition zone in Washtenaw County, Michigan. This groundwater use prohibition zone lies 
along the expected contaminant transport pathways of 1,4-dioxane as it migrates eastward, from 
the western edge of the city toward the Huron River. Moreover, located just outside of the 
prohibition zone, the city’s Northwest Supply Well is no longer pumped due to the presence of 
low levels of 1,4-dioxane contamination detected there. Uncertainty in the present distribution 
and future migration pathways of 1,4-dioxane inhibits timely groundwater remediation efforts 
and threatens local water resources such as nearby rivers and streams.  
Although hydrogeologic modeling is an essential tool used to evaluate groundwater 
resources or contaminant transport, numerical model predictions depend on boundary conditions 
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that may not be fully constrained by available subsurface data. Consequently, multiple working 
hypotheses concerning boundary conditions need to be investigated to assess model uncertainty. 
This investigation explores the influence of one such boundary condition: the transmissivity of 
bedrock lying below the glacial aquifer system of Ann Arbor. 
1.1. Background 
1.1.1. Site History  
Currently, the Pall Life Sciences Inc./Gelman Sciences Inc. (Pall/Gelman) site in Ann 
Arbor is one of nine major contamination sites listed and monitored by the Michigan Department 
of Environmental Quality (MDEQ) (MDEQ, 2016). Prior to acquisition by Pall Life Sciences in 
1997, the site was operated by Gelman Sciences and is referred to as the Pall/Gelman site by 
local authorities. During the manufacturing of medical filters at the site between 1966 and 1986, 
1,4-dioxane was released to the environment through disposal and waste processes (MDEQ, 
2004). 1,4-Dioxane use was discontinued at the site after it was discovered in Third Sister Lake 
and nearby water wells in 1985 (Bicknell, 1984). Beginning in 1985, and continuing to this day, 
extensive remediation efforts have included the drilling of numerous groundwater monitoring 
and extraction wells and the treatment of many millions of gallons of purged groundwater. 
Remediation efforts and legal proceedings also resulted in the 2005 implementation of 
institutional controls in the form of a prohibition zone restricting the use of groundwater across a 
large section of the city. Later discovery of 1,4-dioxane migration outside the original 
groundwater prohibition zone resulted in its subsequent expansion. The current groundwater 
prohibition zone spans an area approximately 3.8 mi
2
 (~10 km
2
) across portions of Ann Arbor 
and Scio Townships (Figure 1.1). 
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Figure 1.1 Map of groundwater use prohibition zone in green, showing 2010 expansion in red (MDEQ, 2011). 
 
The results of combined research and data development have led to the delineation of 
several 1,4-dioxane plume migration paths that originated from the Pall/Gelman site. To 
facilitate the understanding and extent of contamination, certain areas and aspects of the aquifer 
systems and plume have been given informal names. The entire 1,4-dioxane plume has been 
divided into the Western and the Eastern Plume Management Areas. This division was based on 
both migration pathways and municipal boundaries. Several mapped lobate 1,4-dioxane 
migration patterns of the plume have been further divided into overlapping subunits including 
the Core Area, Unit E or deep aquifer plume, Evergreen plume, and the Little Lake Area plume. 
Figure 1.2 displays the total estimated impacted area based on monitoring wells and each subunit 
within. 
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Today, 1,4-Dioxane is an emerging contaminant of concern and as the understanding of 
its negative health impacts increases, allowable regulatory contaminant limits are decreasing. 
Currently, 1,4-dioxane is classified by the EPA (Environmental Protection Agency) (2009) as a 
probable human carcinogen and therefore, as an environmental risk found in groundwater sites 
throughout the U.S.. Critical effects of 1,4-dioxane toxicity have been shown to target the liver 
and kidneys when ingested orally. For example, when ingested through drinking water, 1,4-
dioxane levels of 0.03 mg/kg–day or above may cause liver tumors (IRIS, 2014). The U.S. 
Agency for Toxic Substances & Disease Registry also lists 1,4-dioxane as an anticipated human 
carcinogen affecting hepatic (relating to the liver), ocular (relating to eyes) and renal (relating to 
kidney) organ systems (ATSDR, 2012b). 
The current Michigan standards for 1,4-dioxane are 85 μg/L or below in residential 
water, and 350 μg/l or below for commercial and industrial uses (MDEQ, 2013). These levels are 
expected to decrease by approximately one order of magnitude in response to revised EPA 
toxicity calculations (EPA, 1988). 
1.1.2. Contaminant Characteristics  
Historically, 1,4-dioxane has been produced since 1929 for industrial use as a stabilizer, 
wetting and dispersing agent, solvent, dye and stain reactant, and certain cleaning and detergent 
preparations (Mohr et al., 2010). It has also been released to the environment as a byproduct of 
several manufacturing processes, such as the production of polyester, soaps, and plastics, as well 
as a byproduct of the petroleum refining process and used as a gasoline antiknock agent (Mohr et 
al., 2010). 
1,4-Dioxane was discovered and first described in 1863 by A.V. Lourenco as the product 
of reacting ethylene glycol and 1,2-dibromoethane (Mohr et al., 2010). 1,4-Dioxane is a synthetic 
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cyclic ether industrial chemical (EPA, 2009). It has a chemical formula of C4H8O2 and a 
molecular weight of 88.1 g/mol (EPA, 2013). Other names for 1,4-dioxane include: 1,4-
DIOXANE, p-Dioxane, Dioxane, 123-91-1, Diethylene ether, and 1,4-Diethylene dioxide 
(Pubchem, 2014). It is a colorless flammable liquid, miscible in water and with a vapor pressure 
of 30mm Hg at 20
0
C (EPA, 2013). 
 
 
 
1,4-Dioxane has a ring structure where the two oxygen atoms are opposite each other to 
create an ether linkage (Mohr et al., 2010), as seen in Figure 1.3. The oxygen atoms give the 
molecule a hydrophilic tendency and it’s measured solubility is 4.31 x 105 mg L-1 (Zhao et al., 
2014). It has a relatively low Henry’s constant of 4.88x10-6 atm-m3/mol (EPA, 2008) and log 
organic carbon partitioning coefficient (log Koc) of -0.27. As a result, 1,4-dioxane is not readily 
retarded by adsorption to soil organic matter (ATSDR, 2012a). 
Due to these properties, 1,4-Dioxane  can spread rapidly over large distances in aquifer 
systems like the glacial drift aquifers of the study site. Because of the ease, speed and area of 
contamination, 1,4-dioxane is not easily removed from aquifers without difficult and expensive 
remediation efforts.  
Figure 1.3 Structure of 1-4-dioxane 
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The EPA lists three major remediation and treatment techniques that can be used to 
remediate 1,4-dioxane from groundwater: advanced oxidation (ex -situ), adsorption (ex-situ), and 
bioremediation (EPA, 2009). For monitored natural attenuation of in-situ bioremediation to be 
effective, the groundwater would need to contain significant indigenous microorganisms in 
aerobic microcosms (Chiang et al., 2012) 
At the Pall/Gelman site, pump-and-treat UV/Hydrogen Peroxide remediation techniques 
have been used to remediate the 1,4-dioxane contamination. The original method at this site used 
a 50% hydrogen peroxide solution mixed into the pumped groundwater and then passed the 
combined solution through a multiple chamber UV system of 22 lamps. Later, the project was 
altered to ozone and hydrogen peroxide remediation. The use of ozone and hydrogen peroxide 
still obtained successful degradation results, but at a fraction of the cost compared to UV and 
hydrogen peroxide procedures (EPA, 2009). The current ozone and hydrogen peroxide 
remediation technique also uses sodium hydroxide for pH adjustment and sodium bisulfate for 
hydrogen peroxide removal before final release (EPA, 2009). Results show that the remediation 
activities are successful in degrading 1,4-dioxane from groundwater that is pumped from the site. 
However, these pumping wells have not fully captured the total extent of the migrating plume. 
The extent of 1,4-dioxane groundwater contamination has been estimated based on a widely-
spaced monitoring well network, but specific migration pathways are not fully understood 
(Lemke, 2004). 
1.2. Geologic Setting 
The regional and local geologic settings are important for understanding the types of 
aquifer systems and bedrock units within the Pall/Gelman Study site. 
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1.2.1. Regional Geologic Setting 
Michigan’s Lower Peninsula is composed of stratified sedimentary bedrock overlain by 
glacial drift. Sedimentary rocks of the Michigan Basin are mostly Paleozoic in age (deposited 
600-230 million years ago) and about 14,000 feet (~4,267 m) thick. There are also some 
Mesozoic rocks of Late Jurassic age near the basin center, however, most of the rest of the 
Mesozoic Erathem is considered to be the “lost Interval” because of its absence in Michigan 
(Dorr and Eschman, 1970). Much of the Paleozoic Era of Michigan is characterized by 
deposition of shifting inland seas with carbonate reefs, near shore beaches, and deltaic flood 
plains (Dorr and Eschman, 1970). Paleozoic rocks of the Lower Michigan Peninsula include: 
Ordovician, Silurian, Devonian, Mississippian, and Pennsylvanian systems. Mississippian rocks 
are restricted to the Lower Peninsula.  
The stratified Paleozoic bedrock rests upon a “basement” of ancient Precambrian igneous 
and metamorphic rocks (Dorr and Eschman, 1970). Due to subsidence of the earth’s crust 
beneath the Great Lakes Region during Paleozoic deposition and subsequent uplift during the 
Mesozoic, the stratified layers resemble nested bowls (Dorr and Eschman, 1970). Subsequent 
erosion beveled the layers and created a concentric ring structure of Paleozoic rocks that 
subcrops beneath overlying Pleistocene glacial drift across most of lower Michigan (Dorr and 
Eschman, 1970). The concentric ring structure displays a characteristic sedimentary basin pattern 
of progressively younger Paleozoic and Mesozoic rocks toward the middle of the state and older 
as it radiates outward to the edge of the state.  
Following the creation of the Michigan Basin, continental ice sheets deposited a layer of 
unconsolidated heterogeneous glacial drift across most of the state, leaving very few exposed 
outcrops of Paleozoic rocks at the surface.  
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1.2.2. Local Geologic Setting 
In Washtenaw County, approximately 50-400 feet (15-120 m) of heterogeneous 
Pleistocene glacial drift overlies the Paleozoic eroded basin bedrock (Western Michigan 
University, 1981). Surficial glacial drift in Ann Arbor consists of end moraines, ground 
moraines, and outwash deposits formed during Wisconsinan glaciation (Russell and Leverett, 
1915). The bedrock below Ann Arbor is the Paleozoic Mississippian Coldwater Shale. The 
Coldwater Shale lies stratigraphically below the Marshall Sandstone and above the Sunbury, or 
Antrim–Ellsworth Formations (Wooten, 1951). The Coldwater Shale ranges in thickness from 
approximately 200-1100 feet (61 m to 335 m). It also dips gently toward the center of the 
Michigan Basin and its subcrop beneath the Pleistocene unconformity ranges in width from 32-
36 miles (~51-58 km) (Wooten, 1951). Due to the thick glacial drift cover, few areas of bedrock 
outcrop are exposed in southern Michigan. The outcrops that have been documented include 
those in Huron and Branch Counties.  
Historically, the Mississippian Coldwater Shale formation has been considered 
unimportant as a petroleum producing unit within the Michigan Basin and has received relatively 
little study (Chung, 1973). Hale (1941) interpreted the formation of the Coldwater Shale in 
response to shifting conditions of deposition within the Coldwater Sea in western Michigan. 
These shifting seas produced local variations of depth, climate and sediment source. Cohee 
(1979) reported thick sandstone units within the Coldwater Shale in Tuscola, Huron and Iosco 
Counties (Figure 1.4). Clastic material derived from the Canadian Shield and occasionally the 
Wisconsin Highlands was also deposited during Coldwater time (Cohee, 1979). 
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Figure 1.4 Cumulative sandstone thickness map in Coldwater Shale Formation. Numbers 
indicate thickness of sandstone in feet, unnumbered localities indicate no sandstone in Coldwater 
Shale (Cohee, 1979). 
 
Sandstones within the Coldwater Shale formation have been informally named as Weir 
Sand and are natural-gas-bearing units (Westjohn and Weaver, 1996). These lenses of sandstone, 
although thick in the Coldwater formation, are thought to be laterally discontinuous and 
separated from the overlying Marshall Sandstone by shale (Westjohn and Weaver, 1996). 
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Westjohn and Weaver (1996) also reported that there were no known publications pertaining to 
the hydraulic properties of the Coldwater Shale. 
The USGS (2015) describes the Coldwater Shale as a unit that consists predominantly of 
gray shale, with distributions of lithologies that divide the formation into east and west facies 
that grade from shale to sand. This grading was described more specifically by Hale (1941) and 
Tarbell (1941).  
In the western half of the state Hale (1941) described the Coldwater as having a basal 
‘red rock’ layer, a “Coldwater Lime” marker horizon, “speckled dolomite” of light gray dolomite 
matrix with embedded grains of dark brown dolomite, “pepperings” of dark green minerals 
(probably glauconite), some areas of gray shale with brown disk shaped concretions of clay-
ironstones with central masses of galena, sphalerite, or calcite, some areas of shifting micaceous 
gray sandy shales with limestone or dolomite zones, some areas of muddy soft gray shales and 
some areas of flaky brittle shales. 
 In the eastern part of the state, an 1871 well from the Ann Arbor courthouse identified a 
section of sandstone as the Berea, part of the Richmondville Sandstone, but was later interpreted 
as a sandstone member in the lower Coldwater Formation (Tarbell, 1941). 
The Howell Anticline is found just north east of the study site running through the upper 
northeast corner of Washtenaw County.  Chung (1973) produced a structure contour map for the 
base of the Coldwater Formation. His map shows that the Howell Anticline is a predominant 
asymmetrical structural feature. Based on his map and reviews of Kilbourne (1947) and Ells’ 
(1969) research, he inferred that folding occurred at different times within the basin. Later, 
Cohee (1979) reported that north to northwest trending anticlinal folding of the bedrock layers 
occurred following the Mississippian period of deposition. 
12 
 
 
Because the Mississippian Coldwater Shale has been given a broadly generalized 
description as a ‘shale’ and has only been studied in a few parts of the state, many geologists 
have assumed it to be impermeable. This includes those who constructed prior hydrogeologic 
models of the Pall/Gelman site (Brode, 2002; Cypher, 2008; Cypher and Lemke, 2009; Frahm, 
2012). However, historical lithological descriptions suggest areas of sand, dolomite, and 
limestone that may allow groundwater flow or contaminant transport within or through the 
Coldwater Shale. 
1.3. Prior Modeling 
In Ann Arbor, the 1,4-dioxane distribution has been mapped and groundwater flow has 
been modeled repeatedly since its discovery in the mid-1980’s. Previous groundwater flow and 
contaminant transport models of the site were constructed by Fishbeck, Thompson, Carr and 
Huber (2004), Brode (2002), Cypher (2008), MACTEC (2009), and Benjakul (2010). A detailed 
hydrostratigraphic interpretation was also developed by Frahm (2012). These models were 
created to address specific questions of interest and concern within limited areas of the complex 
aquifer system.  
Fishbeck, Thompson, Carr and Huber (FTC&H) (1999) used an early two dimensional 
groundwater flow model of the Western Plume to estimate the time for which the 1,4-dioxane 
concentration would be reduced below 77 μg/L. Their model used analytical functions of 
WinTran to simulate the 2-D groundwater flow in a horizontal plane, with assumed uniform 
values of groundwater hydraulic gradient (-2.07E-03 ft/ft NW), hydraulic conductivity (78 
ft/day), recharge, and unconfined aquifer thickness (100 ft). FTC& H also used the finite-element 
function of WinTran to calculate contaminant concentrations at specified nodes. Contaminant 
concentrations were calculated using longitudinal dispersivity (10 % of plume length), transverse 
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dispersivity (10 % of longitudinal dispersivity), retardation factor (1.5), a zero recharge 
concentration, and assumed negligible diffusion and degradation.  The results showed that the 
1,4-dioxane plume dispersed as it moved hydraulically down gradient, and that concentrations of 
1,4-dioxane were estimated below the maximum criterion of 77 μg/L after 6.8 years. Limitations 
of this model included modeling parameter uncertainty, incorporation of only a horizontal 
component of groundwater flow, (neglecting the vertical component, including bedrock 
properties), and lack of discharge to Honey Creek surface waters.  
 Brode (2002) studied the role of groundwater-surface water interaction on the 
development of the Western Plume. He recognized that the only identified source for 1,4-
dioxane in the Western Plume area originated from the Pall/Gelman property between 1965-
1986. His thesis did not place relevancy on the Coldwater Formation because it was below the 
base of the western 1,4-dioxane plume and impacted aquifer (Brode, 2002). However, Brode did 
include a bedrock surface contour map for the Western Plume area. He also suggested that the 
western plume becomes vertically dispersed along its flow path based on variations in 
groundwater samples from up and down gradient monitoring wells (Brode, 2002).  
The engineering and consulting company, MACTEC (2009), produced a three 
dimensional groundwater flow model for the Evergreen Area. The purpose of their model was to 
determine if groundwater flow would leave the area and move toward the north-northeast 
crossing a proposed groundwater use prohibition zone boundary. Their model included 
topographic highs and lows, subsurface layers based on 57 borings and wells, and precipitation. 
They used comparisons of seasonal groundwater elevation fluctuations based on regional aquifer 
recovery events (recharge), the influence of barometric pressure on groundwater elevations, and 
considerations of reduced pumping conditions to evaluate the hydrogeology of the Evergreen 
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Area. Two major aquifers, D2 and E, were identified as the major water bearing units of the 
Evergreen area. The upper, shallower unit D2 aquifer is composed of sand and gravel. The lower 
most E aquifer, also composed of sand and gravel, sits directly above the bedrock surface. The 
results of their model indicated that neither aquifer D2 nor E groundwater flow would cross the 
northern groundwater use prohibition zone boundary, but instead groundwater from aquifer D2 
would move east, and groundwater from aquifer E would move east-southeast toward regions of 
discharge along the Huron River. The report includes no description of the bedrock surface as 
either a confining or permeable layer.  
Cypher and Lemke (2009) created a MODFLOW model to evaluate combinations of 
three alternative hydrostratigraphic interpretations and three postulated 1,4-dioxane contaminant 
source locations. Their work focused primarily on the stratified glacial drift of the Western 
Plume aquifer system and treated bedrock as an impermeable surface defined using a bedrock 
surface topography map of Washtenaw County adapted from Kunkle (1961). Cypher and 
Lemke’s model also incorporated other natural boundary conditions including the Huron River 
and surface water drainage divides. Although three of their proposed hypotheses were accepted 
as plausible interpretations of the system based on consistency with historical static water level 
and 1,4-dioxane concentration observations, the results of the advective contaminant transport 
modeling suggested that further refinement to the conceptual hydrogeologic model was needed 
(Cypher and Lemke, 2009). 
Benjakul (2010) developed a groundwater flow and contaminant transport model using 
publicly available data and models. He used MODFLOW 2000 to develop his model of the Ann 
Arbor geology and 1,4-dioxane plume, focusing primarily on the Western Plume system that 
Brode (2002) had previously described. Benjakul concluded that publically available data and 
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models could be used together to adequately simulate plume migration in the Ann Arbor study 
area (Benjakul, 2010).  
Frahm (2012) developed a detailed deterministic hydrostratigraphic model based on field 
observations and subsurface geologic interpretation in order to address inherent uncertainties in 
the subsurface geology. He used data from natural gamma radiation logs combined with 
sediment characteristics to map erosional and depositional surfaces defining multiple aquifer and 
aquitard units (Frahm, 2012). Frahm’s model covered the entire area of known 1,4-dioxane 
contamination, and was constrained by observations of hydraulic head and 1,4-dioxane 
contamination measurements made throughout the available monitoring well network. Frahm’s 
research showed that an allostratigraphic approach could be applied to interpret the glacial 
aquifer system below Ann Arbor. However, contaminant transport and other preferential 
pathways of 1,4-dioxane remained unclear due in large part to the wide spacing between 
monitoring wells (Frahm, 2012).  
The groundwater flow and contaminant transport model used in this study is built on the 
Cypher and Lemke (2009) and Frahm (2012) models and continues to be updated with new 
information. The overall domain and boundary conditions were adapted from the Cypher and 
Lemke model and Frahm’s hydrostratigraphic bounding surface maps were used to define the 
distributions of glacial drift aquifers and aquitard units throughout the central portion of the 
model. Previous hydrogeologic flow models (Brode, 2002; Cypher and Lemke, 2009) 
incorporated Kunkle’s (1961) bedrock surface as an impermeable (no-flow) boundary. In the 
past 30 years, however, more than 50 monitoring wells and stratigraphic boreholes, many of 
which were included in Frahm's (2012) hydrostratigraphic cross sections, have been drilled to 
bedrock in Washtenaw County. Information from these wells can be utilized to revise the 
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bedrock topography elevations and reassess its influence on groundwater flow and 1, 4-dioxane 
transport in the area.   
1.4. Purpose 
Based on the fundamental theory of groundwater flow through porous media in response 
to hydraulic head gradients (Darcy’s Law), basal confining layer elevation and permeability 
should play a significant role in groundwater flow and contaminant transport directions in 
overlying sedimentary aquifers. In this study, the bedrock surface topography, matrix 
permeability, and potential for structurally enhanced permeability via fracturing were 
investigated.   
The objective of this study was to generate a new hydrogeologic interpretation of bedrock 
topography and transmissivity and to evaluate the influence of revised parameters on numerical 
groundwater flow and contaminant transport model predictions. Within the context of the 
Pall/Gelman site investigation, specific questions regarding the speed and direction of 1,4-
dioxane migration east of Wagner Road toward the Huron River were addressed. 
1.5. Hypotheses 
I hypothesize that, when treated as no-flow boundary, a change in bedrock topography 
will influence the speed of groundwater flow and dissolved contaminant transport through the 
overlying glacial aquifer system. Because equipotential lines are normal to no-flow boundaries, 
changes in the shape of the no-flow boundary surface should change equipotential surface 
distributions and hydraulic gradients, therefore affecting predicted flow and transport. If bedrock 
topography is found to have a steeper gradient and smoother surface toward the river, then the 
contaminant velocity should increase in the direction of the Huron River. If the bedrock 
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topography is rougher or less steep than originally mapped, then the contaminant velocity in the 
direction of the Huron River should decrease.  
I also hypothesize that a change in bedrock permeability will have a strong effect on the 
velocity of contaminant movement. If the bedrock permeability is increased, then some portion 
of the contaminant plume may take a more tortuous path toward the river and subsequently slow 
down. Alternatively, the presence of higher permeability pathways within the bedrock could 
offer faster paths for advective contaminant transport, and thus shorten overall average transport 
times. In either case, changing the bedrock transmissivity should influence modeled transport 
velocities.  
I further hypothesize that structural features may play a significant role in modifying 
contaminant flow and transport directions and speeds. If directional fracture features are 
incorporated in the bedrock model layers, then the groundwater flow and contaminant transport 
may become channeled through these fractures and velocity would greatly increase within the 
fracture directions.  This effect is expected to be anisotropic, however, and could vary with the 
orientation of modeled fracture permeability with respect to the overall hydraulic gradient of the 
aquifer system.  
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CHAPTER 2: 
MATERIALS AND METHODS 
In order to test the hypotheses that bedrock topography, permeability, and structural 
features affect modeled flow and transport directions of groundwater and contaminants, a 
combination of field work, core analysis, mapping, and modeling were performed. The locations 
of core and outcrop sites in relation to the Coldwater Shale bedrock subcrop and the study site in 
Washtenaw County, Michigan, are shown in Figure 2.1. 
2.1. Field Work 
Field work was completed to better characterize the Coldwater Shale bedrock lithology, 
porosity, and structural integrity and fracture density at available outcrops. Because no bedrock 
exposures are present in the vicinity of the study site, travel to other coalitions was necessary. 
Two outcrop localities were investigated, one in Huron County to the northeast of the study site, 
and a second in Branch County to the southwest of the study site. Each locality had several 
documented outcrop areas that were investigated. Samples of Coldwater Shale were collected 
from each locality and thin sections were prepared, as discussed below. 
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Figure 2.1 Map showing locations of core and outcrop studies in relation to site location and Coldwater Shale 
subcrop.  
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2.1.1. Outcrop Locality: Huron County 
Martin and Straight (1956) reported and described the locations of Coldwater Shale 
outcrops (sites A-H) in Huron county. Sites visited as part of the present study (sites A-I) are 
described in Table 2.1.  
Table 2. 1  Coldwater Shale bedrock exposures, Huron County, Michigan 
 
 
2.1.2. Outcrop Locality: Branch County 
Coldwater Shale outcrops, as reported by Wooten (1951), were identified by Houghton in 
1837, Rominger in 1873 and Ehlers between 1916-1917, and Wooten in 1950. A detailed list of 
Coldwater exposures in Branch County was also reported by Martin and Straight (1952). Sites 
visited as part of the present study (Sites J-P) are described in Table 2.2 and referenced in Figure 
2.3.  
 
Map 
Location
Township Location  Description 
A Sherman Twp. Sec. 32, T15N, R16E
In bed of stream, E of highway; also shore Lake 
Huron.
B Sand Beach Twp. 
sec. 18 and 19, T16N, R16E, also C E-line sec. 
30 Along Shore
C Huron Twp. sec. 2, T18N, R14E At old lighthouse near shore
D Huron Twp. sec. 4, 8, and 9, T18N, R14E
Along Willow Creek, upstream from Huron City. 
Marshall and Coldwater
E Huron Twp. NW. sec. 27, T18N, R14E Willow creek
F Huron Twp. SE sec. 32, T18N, R14E Willow creek
G Port Austin Twp. 
sec. 23 and 24, T19N, R13E, and Sec. 30, T19N, 
R14E Along shore. Marshall and Coldwater
H Port Austin Twp. sec. 30 and 32, T19N, R14E
Abandoned Johnson, Pier and Wallace quarry 
along shore. 
I Huron Twp. Huron City SW Sec. 2 T18N, R14E
Along M -25, just southeast of Parisville Rd. and 
M-25 junction.  
Mississippian Coldwater Shale  Exposures and Outcrops: Huron County, MI
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Figure 2.2 Huron County outcrop locations 
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Table 2.2 Coldwater Shale bedrock exposures, Branch County, Michigan 
 
 
 
 
 
 
 
 
 
 
 
 
 
Map 
Location
Township Location Description (Martin et al , 1956) Description (Wooten, 1951)
J Union Twp. SW SW sec.10, T5S, R7W
Abandoned Quarry of Peerless  Portland Cement Co., 
W bank of Coldwater River. Type locality Coldwater in 
banks of Coldwater River sec. 10 and 15
Bank mentioned seems to be glacial spillway cliff. No 
shale now visible as area is  covered with vegetation 
and is at present pasture land
K Coldwater Twp. NE sec 24, T6S, R6W Abandoned Quarry on N side of small stream.
Area between small stream and US-112 is grassed 
over and no shale was found in place in the gullies --
clay-ironstone fragments are abundant in soil
L Coldwater Twp. NW sec. 30, T6S, R6W
Abandoned Brickyard and shale quarry on W side of 
road; also abandoned. Cement company quarry 
immediately N of brickyard quarry.
Clay -ironstone fragments abundant-- area overgrown-
-greenish shale reached at 1 foot below surface.
M Coldwater Twp. NW sec. 32, T6S, R6W Wolverine Portland Cement Co. Shale quarry.
Abandoned Wolverine Portland Cement Company. 
Glacial drift removed but bedrock surface covered 
with vegetation since quarry was abandoned. Dark 
gray to blue-gray micaceous shales and clay-
ironstones present
N Algansee Twp. approx. C sec. 10, T7S, R5W. 
Along Pencil Creek between C  sec. 10 and point 1/4 
mi. W.
Area checked was southeast of Fisher Village 
cemetery. Abandoned tile plant not located. Bluish 
plastic shale in Pencil Creek bed. No Sandstone seams 
located.
O Algansee Twp. NW sec. 14, T7S, R5W Along brook near N sec. line.
In ditch along north side of east-west section road 
just west of section 11 half section road. Outcrop 
extends down entire hill section of road. Shale is 
thinly laminated, blue-grey when damp and is 
micaceous. Small clay-ironstone discs are present
P Algansee Twp. N1/2 sec. 25, T7S, R5W
Along brook which was dug deeper for drainage 
purposes.
Brook on far side of wheat field and dense woods. 
Blue, micaceous plastic shale in brook bed- clay-
ironstone (nodular size) present.
Mississippian Coldwater Shale  Exposures and Outcrops: Branch County, MI
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2.1.3. Core 
Well log records were examined to find descriptions and core sections of Coldwater 
Shale. The Michigan Geological Repository for Research and Education (MGRRE) at Western 
Michigan University houses much of the State’s core collections. Sections of Coldwater Shale in 
core samples were reported in seven different well logs. However, only three intact and well-
marked cores were examined from sites Q, R and S (Table 2.3). 
 
Table 2.3 Coldwater Shale core samples 
 
 
During data collection for this project, five Pall/Gelman groundwater monitoring wells 
were installed by Cascade Drilling, L.P. under the direction of Fleis & Vandenbrink (Table 2.4). 
These wells were drilled using the rotosonic method, so details of structure or bedding 
characteristics could not be determined. Core samples were recovered, however, and some 
sections of the Coldwater Shale were intact enough to retrieve samples. 
Map 
Location
County Township Location Operator Well Name Permit # API #
Q Ogemaw Logan Sec. 23, T22N, R4E Lakeland Oil
Scholtz-Cragg-
Maxwell et al 
Comm1
23660 21129236600000
R Ogemaw Logan Sec. 17, T22N, R4E Lakeland Oil Brindley, J. et al #1 22817 21129228170000
S Allegan Monterey Sec. 36, T3N, R13W W.E. Bakke Ruehle
Ruehle, Oscar et al 
1 
21005075060000
Core Samples
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Table 2.4 Pall/Gelman core sample locations 
 
 
2.2. Sample Investigation 
A total of 17 thin sections were made of Coldwater Shale samples retrieved from core 
and outcrop sites (Tables 2.1-2.4). Four thin sections from available core samples were prepared: 
two from Lakeland Oil Scholtz-Cragg-Maxwell et al Comm #1, one from W.E. Bakke Ruehle, 
Oscar et al #1, and one from Lakeland Oil Brindley, J. #1. Four thin sections were made from the 
Huron County outcrop localities. Another four thin sections were made from Branch County 
outcrop locality samples. Thin sections were also made from bedrock samples taken from each 
of the five most recent monitoring wells installed within the study site area. The thin sections 
were prepared using blue epoxy impregnation in order to clearly see pore spaces and voids 
within the matrix. Nine samples were ground in oil, due to water sensitivity of the materials. The 
thin sections were analyzed for lithology, porosity and subsequent permeability estimates.  
2.3. Bedrock Surface Mapping 
Mapping of the Coldwater Shale bedrock topography at the study site was completed 
using well data pertaining to elevations of the subcrop surface. Four types of wells were 
available within the study area: monitoring wells, water wells, waste and disposal wells, and oil 
Map 
Location
Township Location Quarter Quarter 
Quarter
Monitoring 
Well
T Scio Sec.22, T02S, R05E NW SE MW136
U Scio Sec.22, T02S, R05E SW SE MW137
V Scio Sec.22, T02S, R05E SE SE MW138
W Scio Sec.22, T02S, R05E SE NE MW139
X Scio Sec.22, T02S, R05E NE SE MW140
Pall/Gelman Monitoring Well Samples: Washtenaw County, MI
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and gas wells. Several sources of well information regarding Coldwater Shale elevations were 
identified:  
 Kunkle’s (1961) dissertation  
 MDEQ Scanned Water Well Record Retrieval System (MDEQ, 2014) for wells 
dated from 1965-1999 
 MDEQ Wellogic System (MDEQ, 2001-2016) for water wells dated after 2000 
 Pall/Gelman monitoring wells 
 MDEQ GeoWebFace Database (MDEQ, 2001-2011)  
 MDEQ MSU Water Well Viewer (MDEQ/MSU, 2005) 
Thousands of wells were listed in these databases for Washtenaw County (~ 18,000 water 
wells, ~ 4,000 oil and gas wells). The data were exported to excel spreadsheets and sorted by 
location to obtain a subset of wells within Pittsfield, Lodi, Scio and Ann Arbor Townships 
(~3,920 water wells, ~113 oil and gas wells). Subsequent analysis revealed 227 wells with 
useable bedrock subcrop elevations in the study area. Historic well data reported by Kunkle 
(1961) in Public Land Survey System coordinates of center, ¼ ¼, and ¼ ¼ ¼ section locations, 
were hand plotted on available maps to obtain x, y coordinates using ArcGIS editor and 
geometry tools. A combined total of 272 new and historical wells were used to create the new 
bedrock subcrop topography map. These include 61 bedrock penetrating Pall/Gelman monitoring 
wells, 2 oil and gas wells, 164 water wells and 45 wells from Kunkle’s data. Appendix A lists all 
of the wells used, along with their descriptions and elevations. The resulting map (Figure A.5, 
Appendix A) shows the locations of all of the combined well data points used in creating the new 
bedrock topography map. 
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Basemap construction was performed using ArcMap, version 10.2.2. A raster data set 
digital elevation model (DEM) was included from the USGS National Elevation Dataset online 
data base.  After well data were sorted and reviewed in excel, the files were imported into 
ArcGIS as a table and converted into point feature classes.  Other feature classes included line 
and polygon data sets of streams, rivers (hydrography), township, range, quarter-quarter sections 
(public land survey), bedrock geology (base map), drinking water wells, geographic framework, 
and roads and interstates (transportation) for the state of Michigan and Washtenaw County from 
Michigan Geographic Data Library (MiGDL) (2002). 
In order to maintain consistency with the Cypher and Lemke model (2009), the ArcMap 
basemap coordinate system was set to the Michigan State Plane, South Zone coordinate system 
using 1983 North American Datum, in feet.  
A buffer was created using a one mile perimeter around the four townships in which the 
groundwater plume resides. This was done using a definition query to find the four townships 
and then a buffer tool to create the study area for this project. After all wells reaching bedrock 
were organized in the map, the features were clipped to the buffer study area so that only data for 
the study area would be displayed. Wells were posted and labeled with the elevation to bedrock 
and the map was printed for hand contouring.  
Elevation data were analyzed and 25 foot contour intervals were drawn by hand to depict 
the bedrock topography. After several drafts, a reasonable contour map was completed using the 
available data points.   
The final hand-contoured map was scanned and imported into ArcMap for digitizing. 
Each contour line was digitized and assigned its elevation value. The Kunkle (1961) contour map 
was also digitized for comparison purposes.  
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The new bedrock topography was incorporated into the MODFLOW model using a 
custom-built FORTRAN program to modify the MODFLOW property (.mpf) file used by Visual 
MODLFOW.  The FORTRAN program used bedrock surface elevation and surface topography 
(DEM) grid files to assign inactive cells (Models A & F, see section 2.4.2.7) or active cells 
(Models B-E and G-J) to a grid discretization, layer elevation, and geometry data file (.VMG) of 
VMODFLOW. The bedrock topography values are based on a block centered grid of column, 
row and layer values corresponding to X, Y, Z. These real variables are then assigned to 
corresponding VMODFLOW model integer variables of I, J, K for rows, columns, and layers in 
the .VMG file. The VMODFLOW grid system used in the models is described in more detail in 
the following section. 
2.4. Modeling 
Numerical groundwater flow and contaminant transport modeling in this project was 
completed using Visual MODFLOW modeling software licensed to Wayne State University. 
MODFLOW is considered an industry standard for applications in three dimensional 
groundwater flow and contaminant transport simulations (Waterloo Hydrogeologic Incorporated, 
2004). Visual MODFLOW provides a graphical user interface for MODFLOW 2000 (Harbaugh 
et al., 2000), MODPATH (Pollock, 1994), and MT3DMS (Zheng and Wang, 1999).  
2.4.1.  Model Description 
The current numerical model is a modified version of the Cypher and Lemke (2009) 
groundwater flow and contaminant transport model incorporating Frahm’s (2009) 
hydrostratigraphic interpretations.  The following paragraphs describe the model domain, grid, 
parameterization, wells, and boundary conditions. 
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The model domain incorporates four townships: all of Scio Township, the northern 
sections of Lodi and Pittsfield Townships and the western sections of Ann Arbor Township, 
totaling 65.5 square miles (Cypher and Lemke, 2009). It utilizes the 1983 North American 
Datum, Michigan State Plane South Zone coordinate system with Northing and Easting values 
ranging from 272,000 to 308,000 and 13,250,000 to 13,300,000 feet, respectively (Cypher and 
Lemke, 2009). 
The model grid contains 820 columns and 139 rows with telescopically refined variable 
spacing in the x, y-plane. The model is 380 feet (116 m) thick, ranging in elevation from 600 to 
980 feet (180 to 300 m) amsl. There are 36 active layers in the model, the lower 35 of which are 
10 feet (3 m) thick and the uppermost layer is 30 feet (9 m) thick.  
The elevation of the bedrock surface in the existing Cypher and Lemke (2009) model was 
modified to incorporate the revised bedrock map created as part of this study. The revised 
bedrock surface elevation map (Section 3.2) was incorporated into the existing MODFLOW 
model by re-projecting it in ArcMap using the North American Datum, Michigan State Plane 
South Zone coordinate system. This change resulted in two contrasting generations of models 
incorporating the older Kunkle bedrock surface and the revised bedrock surface for use in testing 
the bedrock surface hypothesis for this study. 
Hydraulic conductivity (K) is a fundamental parameter for flow and transport 
simulations, using intrinsic permeability of porous medium and the moving fluid to determine 
the ease with which fluid flows through a porous medium (Zheng and Bennett, 2002). In 
VMODFLOW the conductivity parameter values are specified in three dimensional directions: 
Along the X-axis (Kx), along the Y-axis (Ky), and along the Z-axis (Kz) (Waterloo 
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Hydrogeologic Incorporated, 2004). Four different hydraulic conductivity zones were assigned in 
the model: aquifer zone, aquitard zone, background zone, and bedrock zone.  
The aquifer zone, representing deterministic aquifer layers interpreted by Frahm (2012) 
throughout the study site, was assigned effective conductivity values of 115 ft/day (~35 m/day) 
for both Kx and Ky and a value of 11.5 ft/day (~3.5 m/day) for the Kz direction. This represents 
a 10:1 horizontal:vertical anisotropy ratio, typical of stratified sedimentary aquifer systems. The 
aquitard zone, representing deterministic aquitard layers interpreted by Frahm (2012) that inhibit 
the flow of ground water, were assigned lower effective hydraulic conductivity values of 0.075 
ft/day (~0.0229 m/day) for Kx and Ky and 0.0075 ft/day (~0.00229 m/day) for Kz.  
The background zone, which represents the area outside of the telescopically gridded 
specific study site, was given effective conductivity values of 11.1 ft/day (~3.5 m/day) for both 
the Kx and Ky directions and 1.11 ft/day (0.338 m/day) for the Kz directions.  These values 
represent a geometric mean of aquifer and aquitard K values within the model area containing 
Frahm’s three dimensional model (Pappas, 2016). 
The bedrock zone was assigned different values ranging across four orders of magnitude 
in K contrast depending on which hypothesis the model was built to test (Section 2.4.3). A 10:1 
horizontal:vertical K anisotropy was maintained in the bedrock zone.  
The model includes 140 monitoring well head observation points used for calibration 
based on the comparison of simulated versus measured heads. Two north-south lines of 
concentration observation wells were added to the model to record predicted concentrations at 
selected model cells.  The concentration observation wells were positioned along model columns 
178 and 244, corresponding to approximately 6600 feet (2000 m) and 13,200 feet (4000 m) 
down gradient of Wagner Road (column 112), respectively (Figure 2.4). Each concentration 
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observation well contained 10-20 observation points spaced vertically at 20 ft (6 m) intervals. 
Several concentration observation wells included additional observation points to incorporate all 
aquifer and aquitard layers at their location. 25 extraction wells with variable pumping rates over 
time included in the original Cypher and Lemke (2009) model were not activated for the model 
runs under steady state conditions reported in this thesis. 
 
Figure 2.4 Map view of concentration observation wells 
 
Natural boundary conditions in the model include the Huron River and its tributaries and 
a drainage divide between the Huron River and the River Raisin watersheds. They also include 
recharge of 7.25 in/year (18 cm/yr) at the model surface layer consistent with reported values of 
4.0-7.9 in/year (10-20 cm/day) (Neff et al., 2006) and the presence or absence of a no-flow 
boundary along the bedrock surface at the base of the model.   
A local subsurface drain network in the Allen Creek basin was added as a drain boundary 
to the model to simulate effects of removed water from the aquifer system. The position and 
elevation of the drain were specified based on information supplied by the City of Ann Arbor. In 
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MODFLOW, drain boundary conditions have no effect on the system if the aquifer head is below 
the drain head(Waterloo Hydrogeologic Incorporated, 2004).  
 
 
Figure 2.5 South to north vertical profile along column 112 showing placement of 100 particles (lime green 
dots) in assigned layers. Vertical axis represents Z coordinates, horizontal axis represents Y coordinates. 
Vertical exaggeration 10:1. 
 
  
2.4.2. Transport Modeling 
Forward particle tracking using MODPATH (Pollock, 1994) was employed to evaluate 
differences in predicted advective transport behavior for the alternative bedrock scenarios 
included in this investigation. Based on modeled hydraulic head and specified hydraulic 
conductivity distributions, MODPATH calculates three dimensional path lines for particles 
released from specified positions within the numerical model.  For all model variations used in 
this study, 100 particles were released along Wagner Road, located in model column 112.  The 
particles were positioned in model layers 11, 18, 22, 26, and 29, at positions corresponding to 
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screened intervals of monitoring wells that have detected 1,4-dioxane (Figure 2.5).  All particles 
were set to release simultaneously at the start of each model run.  
Particles were tracked to determine their fate in one of three outcomes: 1) particles 
remained in the system and continued to travel with the ground water until the simulations 
stopped; 2) particles were captured by the Allen Creek drain system; or 3) particles were 
captured by the Huron River system and its feeding streams. The resulting .mpf file also records 
the travel time for each of the particles to reach its destination (Huron River). 
 
 
Figure 2.6 South to north vertical profile of model H at column 112 showing constant concentration 
boundaries (dark blue cells). Vertical axis represents Z coordinates, horizontal axis represents Y coordinates. 
Vertical exaggeration 10:1. 
 
A constant concentration boundary condition was used for modeling advective-dispersive 
1,4-dioxane transport using MT3D. Cells containing constant concentration boundaries (Figure 
2.6) were assigned to model column 112 along Wagner Road in positions corresponding to 
locations where monitoring wells have detected 1,4-dioxane (i.e., in the same positions as 
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particles used for advective transport modeling).  These cells provide solute mass to the model 
domain with a concentration of 2,500 μg/L throughout each simulation. MT3D simulations also 
incorporated longitudinal and transverse dispersivity values of 32.8 ft (10 m) and 3.28 ft (1 m), 
respectively.  
2.4.3. Alternative Model Runs 
Ten alternative numerical ground water and contaminant transport models (Table 2.5) 
were constructed to test hypotheses presented in this thesis. The first Model A, represents the 
original model with an inactive bedrock surface based on Kunkle’s (1961) bedrock contour map.  
Four other models, B-E also have the Kunkle (1961) bedrock. Differences between these models 
are described below. The second generation of models (F-J) contain a revised bedrock surface 
based on the interpretation documented in this thesis.  
Models A and F can be used to directly compare how changes to the bedrock topography 
may affect groundwater flow and contaminant transport. Models B-E and G-J were constructed 
to determine differences between inactive no-flow bedrock and active bedrock boundary 
conditions within the model. These could be compared with models A and F to determine how 
changing the bedrock conductivity from inactive to active changes the velocity of the 
contaminant.  
In order to test the hypothesis that a change in bedrock permeability could affect 1,4-
dioxane transport velocity, changes were made to the conductivity of bedrock cells in each group 
of models by four orders of magnitude difference in values. Typical hydraulic conductivity 
values for clays, shales and unfractured material are characterized with low permeability of about 
10
-9
 m/sec (~3.2
-8
 ft/sec) or smaller, however if fractures are present, this value can by exceeded 
by two to three orders of magnitude (Domenico and Schwartz, 1990).  Model B is 3 orders of 
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magnitude less than background effective conductivity values, simulating a model with very low 
bedrock permeability. Model C is 2 orders of magnitude difference less than background 
conductivity, simulating bedrock with low active permeability. Model C is 1 order of magnitude 
less than the background conductivity, simulating slightly reduced permeability of the bedrock. 
And Model E was given the same magnitude of conductivity values as the background cells, 
representing the most permeable of the bedrock models that would hypothetically represent 
bedrock with highly connected porosity or fractures.  
Table 2.5 Model matrix for hypothesis testing 
 
2.4.4. Model Run Parameters 
In order to launch and run a model, settings for the three main numeric modeling engines, 
MODFLOW, MODPATH, and MT3D must be adjusted. 
The MODFLOW 2000 modeling engine within VMODFLOW allows the modeler to set 
specific time steps, initial heads, recharge, choose a solver package, specify layer types, activate 
K Contrast
Orders of Magnitude 
Difference 
A Kunkle Inactive ------------------- ------- ------- -----------
B Kunkle Active 3 OM 0.0111 0.0111 0.00111
C Kunkle Active 2 OM 0.111 0.111 0.0111
D Kunkle Active 1 OM 1.11 1.11 0.111
E Kunkle Active 0 OM 11.1 11.1 1.11
F Updated Inactive ------------------- ------- ------- ----------- 
G Updated Active 3 OM 0.0111 0.0111 0.00111
H Updated Active 2 OM 0.111 0.111 0.0111
I Updated Active 1 OM 1.11 1.11 0.111
J Updated Active 0 OM 11.1 11.1 1.11
Model Matrix
Model  Bedrock 
Type 
Active or 
Inactive 
Bedrock 
Kx (ft/d) Ky (ft/d) Kz (ft/d) 
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rewetting variables, assign anisotropy, and specify the times at which to save results and 
information to be written to the .LST file (Waterloo Hydrogeologic Incorporated, 2004). All 
model runs for this thesis were conducted in steady state, neglecting changes in recharge or 
differential pumping of purge wells throughout the remediation history at the site.  Additional 
model settings for this study are given in Table 2.6.   
The MODPATH numeric engine allows the modeler to set options for discharge of 
particles and sinks, and reference time options for particle releases. All particles in this 
investigation utilized the forward particle tracking option. 
MT3D is an extension engine of VMODFLOW, which uses general finite difference and 
the flow simulation from VMODFLOW to solve a three-dimensional advective-dispersive solute 
transport equation (Zheng and Bennett, 2002). MT3D allows the user to choose options for the 
type of solution method, specify output times for transport simulation results, assign initial 
contaminant concentration conditions, and view or convert the initial concentrations to desired 
mass and length units (Waterloo Hydrogeologic Incorporated, 2004). For simulations in this 
investigation, total model run times were set to 18250 days (50 years), which corresponds 
approximately with present day conditions following the first documented use of 1,4-dioxane at 
the Pall/Gelman site in 1966. The maximum number of transport steps was set to 30,000, and 
simulation results were set to save at seven output times: 365 days (1 year), 730 days (2 yr), 1825 
days (5 yr), 3650 days (10 yr), 7300days (20 yr), 12775 days (35 yr), and 18250 days (50 yr) 
(Table 2.6). 
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Table 2.6 Model run parameters 
 
Initial Heads
Max. outer Iterations 200
Max. inner iterations 25
Head change criterion 0.01
Residual  criterion 0.01
Damping factor 1
Relative residual 
criterion
0
Factorization level Level 0
Recharge
Anisotropy Kx/Ky Ratio
Recharge Options
Solution Options
Porosity Options
Simulation Time (days)
Max. # Transport Steps 
Assign Initial Concentration
Parallel Processing 
Applied to uppermost active layer
Model Run Parameters
MODFLOW 2000
Use specified heads
Solver WHS
Layers 1-36: 0.5
Discharge Options 
Weak Sink Options
Particles are stopped in the cells 
where discharge to sinks is 
greater than a specified total 
inflow to the cell 
Discharge percentage: 5%
Recharge flux is assigned to the 
top face of all cells
Time Steps and GCG optionsSolution Method
MT3DMS
Advection: TVD
Initial step size: 1 
Single process
MODPATH
1825
3650
7300
12775
18250
Use specified concentrations
Multiplier:1
Effective porosity
18250
30000
365
730
Output/Time steps
Output Times (days)
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CHAPTER 3: 
RESULTS 
This study was completed in three phases: data collection from core and outcrop studies 
and recent well logs; bedrock mapping; and numerical groundwater/contaminant transport 
modeling, each of which is described below. Ultimately, a total of ten alternative numerical 
groundwater and contaminant transport models were produced (Table 2.5) and used to evaluate 
the study hypotheses of how bedrock topography, permeability, and structural features affect the 
predicted output flow and transport directions of groundwater and contaminants within the 
aquifer system. Discussion of the results reported in Chapter 3 follow in Chapter 4.  
3.1. Data Collection 
Multiple types of data were collected for this study including samples and field data from 
Coldwater Shale core and outcrop, elevation data for the Coldwater Shale bedrock surface in 
Washtenaw County, and observations to support porosity and permeability estimates 
incorporated into numerical hydrogeologic modeling. Observations made during field 
investigations of outcrops in Branch and Huron Counties, available core from MGREE, and core 
samples from Pall/Gelman monitoring wells are described below. Only a few outcrop locations 
proved to be useful in viewing and retrieving samples of Coldwater Shale bedrock.   
3.1.1. Field and Core Samples 
Observations of the lithology and estimated porosity of the Coldwater Shale were made 
throughout core and outcrop investigations. The samples obtained from core and outcrop studies 
were also used to create thin sections. Grain descriptions were made for samples, where 
appropriate, using sorting and size charts from Stow (2005) and the sphericity and roundness 
chart from Dietrich et al. (1982). Other sedimentary characteristics such as texture, fabric and 
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structure of mudrocks (shales, claystones) were described using the guide by Stow (2005). 
Figures B.1-B.17, in the Appendix B, show photos of available outcrop locations.  
3.1.1.1. Huron County 
Nine Coldwater Shale outcrop sites were visited in Huron County (Table 3.1, Figure 2.2). 
However, not all outcrop sites proved to have visible outcrops, or were accessible. Useful 
samples were obtained from sites C, G and I. Arrows in the photos that follow indicate the 
direction in which some samples were oriented up in the stratigraphic unit. 
Site C is located on the shore of Lake Huron, described in Table 3.1. The outcrop was ~2 
ft in height and badly weathered and eroded from lake effects. The rock was broken but appeared 
to have a slabby fabric. Samples obtained from this site were unoriented and composed of sandy 
shale with some mica. Visual estimation of pore spaces through thin sections of the samples 
shows the sample having ~10 % primary porosity. 
Site G (Figures 3.1 and 3.2) is also located along the shore of Lake Huron. The outcrop 
was weathered and eroded resulting in rock fall debris along the shoreline. Much of the outcrop 
displayed larger slabby type shale near the bottom grading into thinner lamination partings near 
the top. Concretions were also found at this site. The concretions themselves had lamination 
partings, but varied from the surrounding shale layers. Near vertical joint sets were seen along 
the entire outcrop and a fault. Repeating low angle (~30
o
) joint sets were also found. South along 
the outcrop appeared to be a small coal seam; however, samples were not retrieved to confirm 
this due to the decaying nature of the rock and safety concerns. The two samples retrieved from 
this site show marked differences in available pore space; one having nearly 50 % pore space 
while the other had approximately 3 % pore space or less. The difference in porosity may be 
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caused by grain plucking, however it is unlikely due to the presence of blue epoxy in pore 
spaces.  
Site I, just west of site C was a small outcrop on the side of the road. Samples showed 
much larger grain size with ~25 % porosity. Huron County outcrop sample thin section 
photographs and photomicrographs are shown in Figure 3.3 and 3.4, respectively. General 
descriptions are given in Table 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Site G outcrop 
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Figure 3.2 Site G outcrop 
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Table 3.1 Huron County outcrops 
 
  
Map 
Location
Site Description (Summer 2014) Thin Section Sample
A
Difficult to access from roads, private property. Lots of vegetation 
and overgrowth N/A
B
Difficult to access from roads, private property. Lots of vegetation 
and overgrowth N/A
C
~2-3 ft vertical outcrop along shoreline, large broken slabs, 
weathering and deterioration of outcrop
Sample C lighthouse: ~2-3 ft vertical outcrop, 
sample retrieved from shoreline off of large 
broken slab and unoriented, rocks along outcrop 
had strong smell possibly sulfides/gas/arsenic
D
no outcrops accessible/visible from roadway, agricultural  
community N/A
E
Agricultural lands, lots of overgrowth, no visible outcropping, near 
roadway N/A
F
Agricultural lands, lots of overgrowth, no visible outcropping, near 
roadway N/A
G
not easily accessible from road, private properties, looks 
overgrown/weathered/developed from distance in sections 23 and 
24. Section 30, ~6 to ~25 ft of vertical outcropping along shoreline,  
private property on top of bluff/outcrop. Areas east of Bluff Road 
accessible from shoreline with visible nodules/concretions ~1.5 ft 
diameter within layers. Following outcrop south, only accessible by 
kayak/visible from boat. Outcrop area unstable, large amounts of 
rock falls, rocky footing. 
Sample G Bluff: Samples retrieved from outcrop 
wall section 30 along shoreline. Samples oriented 
top to bottom vertically
H
 Section 30, ~6 to ~25 ft of vertical outcropping along shoreline,  
private property on top of bluff/outcrop. Areas east of Bluff Road 
accessible from shoreline with visible nodules/concretions ~1.5 ft 
diameter within layers. Following outcrop south, only accessible by 
kayak/visible from boat. Outcrop area unstable, large amounts of 
rock falls, rocky footing. N/A
I
small ~2 ft vertical outcrop along M-25 , starts approx 20 paces 
south of Parisville Rd. Sandy, micaceous, weathered with pebble 
clasts in layers
Sample I M-25: small outcrop on side of road, 
oriented sample retrieved
Huron County Outcrops
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Figure 3.3 Huron County outcrop sample thin sections 
 
 
Figure 3.4 Huron County outcrop sample thin section photomicrographs 
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Table 3.2 Huron County outcrop sample descriptions 
 
 
 
3.1.1.2. Branch County 
Seven Coldwater Shale outcrop locations in Branch County were visited during field 
work for this project (Table 3.3, Figure 2.3). Because of changes to field conditions (namely 
weathering, slope degradation, and access restrictions), only site M proved to be useful in 
obtaining samples of the Coldwater Shale. Samples at this site were generally described by Kirk 
Yearling, registered water well driller, as being light shale, dark shale, hard shale, chippy shale, 
clayey or nodule type (Figures 3.5 and 3.6).  The nodule type has a rind of softer clay 
surrounding a very hard dense material. The hard type shale also shows a hard rind grading into a 
lighter shale with more pore spaces in the middle. The light shale had noticeable laminations 
(Table 3.4). 
Site 
Samples
Degree of 
sorting Grain Size Sphericity Roundness
Porosity 
Estimate
C
very well 
sorted medium sub prismoidal angular ~ 10 %
G1 well sorted
medium to 
coarse
sub prismoidal to 
sub discoidal sub angular ~ 50 %
G2
moderately 
sorted
fine with 
some silt/clay sub prismoidal  angular ~ 3 %
I
moderately 
sorted
medium to 
coarse sub discoidal sub rounded ~ 25 %
 General Grain & Sedimentary Characteristics  Description
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Table 3.3 Branch County Outcrops
 
 
 
Figure 3.5 Branch County outcrop thin sections  
Map 
Location
Site Description (Summer 2014) Thin Section Sample
J
Branch county River bend park. Lots of overgrowth from shore 
of river. Slumped slopes on opposite sides of park. Kayaking or 
canoeing of river might prove useful, but nothing discernible 
from park banks. N/A
K
no evidence of abandoned quarry from roadway. Stream 
appeared to be filled and landscaped. Private property N/A
L
overgrown areas, agricultural field, corn field. No outcrops 
found N/A
M
Toured property with owner, John Derrickson, and registered 
water well driller Kirk Yearling. Samples retrieved for thin 
sections. Mostly overgrown, area of clayey pit with little 
vegetation, no vertical profiles available.
Samples scattered around ground area. Samples 
retrieved were unoriented and not in place.  
Clay/nodule sample was dug from old pit area.
N
Deep ravine, overgrown with leaves and brush, nothing visible 
from roadway. N/A
O
small streambed extremely overgrown, stream bed hardly 
visible N/A
P
Old streambed very overgrown, private property, nothing 
visible from roadway N/A
Branch County Outcrops
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Figure 3.6 Branch County thin section photomicrographs 
 
 
Table 3.4 Branch County outcrop sample descriptions  
 
 
3.1.1.3. Core 
Core samples (Table 3.5) showed alternating layers of mudrock and a range of fabric 
from very thin paper and fissile shales to hard, compact slabby type shales. Red and green shales 
were also present. Thin sections from site Q show some matrix porosity, while samples from 
sites R and S do not. Samples Q and R show secondary porosity in fractures and lamination 
partings. Results of the core investigation showed that lithology and fracture tendencies were 
variable throughout the total length of the core. Figures C.1 - C.24, found in Appendix C shows 
detailed photos and descriptions of the core lithology, and fractures. Review of the core 
description for Lakeland Brindley, J. et al #1 core shows porosity estimates ranging from 13.1% 
Site 
Samples
Degree of 
sorting Grain Size Sphericity Roundness Structure Size Texture Fabric Structure
Porosity 
Estimate 
M Light 
Shale
very well 
sorted
very fine/silt/ 
clay
sub 
prismoidal 
sub 
rounded
thin 
lamination ~ 20 %
M Dark 
Shale
very well 
sorted
very fine/silt/ 
clay
sub 
prismoidal 
sub 
rounded
thin 
lenticular 
lamination ~ 30 %
M  Hard 
Shale
<63 
μm
silt/ 
claystone flaggy grading ~ 30 %
M Nodule
<63 
μm claystone non fissile
 digenetic 
nodule/ 
concretion ~ 1 %
 General Grain  & Sedimentary Characteristics Description
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to 25.5 %, and permeability estimates ranging from 0.0 millidarcies to 39.5 millidarcies. 
Consolidated Well Services Inc. performed a core analysis report in 1961 for Lakeland Oil 
Scholtz-Cragg-Maxwell et al Comm 1, with porosity ranging from 1.6 % to 25.3 % and 
permeability from 0.0 millidarcies to 42.4 millidarcies.  
Figure 3.7 depicts the Lakeland Oil Scholtz-Cragg-Maxwell et al Comm 1 core. The 
cores on the left have the salt gel brine crust, while the core on the right is wetted with the salt 
brine washed off. Thin sections were prepared to examine lithology and porosity estimates. The 
results are shown in Figures 3.8 and 3.9. Table 3.6 describes the grain and sedimentary 
characteristics of the thin section samples. 
Table 3.5 Core samples 
 
 
Map 
Location
Well 
Name
Depth 
(ft)
Core Description 
(Summer 2014)
Thin Section 
Sample
Q
Scholtz-Cragg-
Maxwell et al 
Comm 1
Sample 1: 1456  
Sample 2: 1308
Core was coated in salt/brine type crust  
and had to be washed off. Core intact and 
boxes marked
Two oriented samples  taken 
from depths 1456 and 1308
R Brindley, J. #1 1215 very small section of core sample
one oriented sample taken 
from depth 1215
S
Ruehle, Oscar 
et al 1 499-501 very small section of core sample
one sample taken from depth 
499-501
Core Samples
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Figure 3.1 Lakeland Oil Scholtz-Cragg-Maxwell et al Comm 1 core. First three boxes are washed and last two 
boxes show the salt gel brine from the drilling process. 
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Figure 3.2 Core sample thin sections 
 
 
Figure 3.3 Core sample thin section photomicrographs 
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Table 3.6 Core sample descriptions 
 
 
3.1.1.4. Pall/Gelman Monitoring Wells 
Samples from five recent monitoring well cores were also examined (Table 3.7). Most of 
these samples were broken due to the rotosonic drilling method and type of rock material. Site U 
shows some degree of primary porosity, while sites T, V, W, and X show secondary porosity. 
Figure 3.11-3.13 show the core samples, thin sections and magnification of those thin sections. 
Table 3.8 describes the grains and sedimentary characteristics of the samples. 
 
Table 3.7 Monitoring well core samples 
 
 
Site 
Samples
Degree of 
sorting Grain Size Sphericity Roundness Structure Fabric Size Texture Fabric Structure
Porosity 
Estimate 
Q1 well sorted
medium to 
very fine with 
silt/clay
sub 
prismoidal 
sub 
rounded
thin wavy 
lamination
paper to 
platy ~ 10 %
Q2
very well 
sorted
very fine 
interbedded 
with 
silt/claystone
sub 
discoidal 
sub 
rounded
thin wavy 
lamination platy ~ 5%
R
<63 
μm claystone platy lamination ~ 1 %
S 
<63 
μm
silt/ 
claystone
faint 
platy
lenticular 
lamination ~ 2 %
 General Grain & Sedimentary Characteristics  Description
Map 
Location
Description Thin Section Sample
T MW136, Bedrock at 157 ft. shale, very dense, platy, greensih gray
U MW137, Bedrock at 173 ft. shale, very broken
V MW138, Bedrock at 203 ft shale
W MW139, Bedrock at 175.5 ft. shale
X MW140 shale
Pall/Gelman Monitoring Well Samples
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Figure 3.10 Monitoring well core sample photographs 
  
 
Figure 3.11 Monitoring well core sample thin sections 
 
 
Figure 3.12 Monitoring well core sample thin section photomicrographs 
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Table 3.8 Monitoring well core sample description 
 
 
3.2. Bedrock Mapping 
The second phase of the study was to incorporate new subsurface information (Section 
2.3) to create a revised bedrock subcrop surface model. The result is a bedrock topography map 
with 25-foot contour interval (Figure 3.13), encompassing Lodi, Scio, Ann Arbor and Pittsfield 
Townships. Subcrop elevations range from approximately 500 ft to 825 ft amsl across the map 
area.   
Site 
Samples Grain Size Texture Fabric Structure
Porosity 
Estimate 
T
<63 μm, some fine to 
medium grains  in 
layer near top of thin 
section silt/claystone non fissile
disrupted 
lamination and 
distinct layer of fine 
grains ~ 10 %
U <63 μm silt/claystone some platyness 
disrupted 
lamination  ~ 7 %
V <63 μm claystone Platy some lamination ~ 2 %
W <63 μm silt/claystone non fissile
disrupted 
lamination ~ 3 %
X <63 μm silt/claystone
some paper 
lamination
disrupted 
lamination ~ 15 %
 General Grain & Sedimentary Characteristics  Description
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Figure 3.13 Revised bedrock contour map, Ann Arbor, Lodi, Pittsifled and Scie Townships, Washtenaw County, 
Michigan 
54 
 
 
 
Figure 3.14 Comparison of previous and revised bedrock maps. Kunkle (1961) map on the left, revised map on the right. 
Figure 3.14 shows a side by side comparison between the digitized Kunkle (1961) map 
and the revised map, which was recontoured with a 40 foot contour interval to facilitate their 
comparison. Both maps slope in the easterly direction, going from high elevation in the western 
portion of the map to low elevations in the eastern part of the map. Both maps include similar 
ranges of elevations within the VMODFLOW finely gridded area of study, from approximately 
550 ft to approximately 720 ft in elevation. 
Although, both maps are broadly similar, they show important differences in the 
topographic patterns of high and low elevations. Kunkle’s map shows more intricate and lobate 
shapes, contoured to reflect a model of fluvial bedrock incision. The revised map, which is 
constrained by a significantly greater number of control points, shows a localized high area just 
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to the south of the Pall/Gelman study site. The new bedrock map also includes a few areas of 
slightly lower elevations than were reported in the Kunkle map.  
3.3. Numerical Groundwater and Contaminant Transport Modeling 
The final phase of the study was to determine if bedrock topography played a significant 
role in the predicted velocity of the contaminant as it moved through the aquifer system. To 
accomplish this, both the Kunkle (1961) and revised bedrock topography surfaces were 
incorporated into a modified numerical groundwater/contaminant transport model (Section 2.4) 
and a comparison study of model predictions was performed. 
This thesis utilized ten models (Table 2.5) which can be grouped into Kunkle (1961) 
bedrock, models A-E, and revised bedrock, models F-J. Each group has one model with an 
inactive bedrock, models A and F, and 4 models with active bedrocks of four different 
magnitudes of hydrologic conductivity values for the respective bedrocks, models B-E and 
models G-J. Models A and F both treat bedrocks as a traditional no–flow boundary, represented 
by inactive cells in the models.   Models B-E and G-J treat bedrock as transmissive with four 
different magnitudes of conductivity values. These values were based on the background 
effective conductivity (11.1 ft/day Kx and Ky, and 1.11 ft/day Kz) of the model cells surrounding 
the telescopically gridded area.  
The original model, Model A, was calibrated prior to changes in conductivity values, and 
incorporation of the revised bedrock into the models F-J.  Calibration results in VMODFLOW 
are based on calculated model heads and observed field heads. Models A-D and F-I remained 
within reasonable calibration limits. Models E and J fell just outside of the 95% confidence 
interval, but the majority of the data points still remained well within the 95% interval (see 
Figures D.5 and D.10, in Appendix D). Monitoring wells MW-97s, MW-111, MW-131s, MW-
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58s and MW-26 were consistently out of the 95% confidence interval for all ten models 
(Figures.D.1 - D.10, Appendix D). Monitoring well MW-102D moved left, where observed data 
is less than calibrated data, out of the 95% confidence interval for models E-F. The rest of the 
monitoring well points remained within the 95% interval range. Calibration statistics for the ten 
models are reported in Table D.1, and graphs show observed versus calculated head results, in 
the Appendix D.  
Differences in model behavior were evaluated using particle tracking and MT3D 
concentration results. The results provide a suite of figures for concentration plumes and 
particles pathlines.  
3.3.1. Particle Tracking 
A summary of the fate of particles in each of the ten models evaluated is listed in Table 
3.9. In every model, all 100 particles were accounted for at internal sinks or boundaries. The 
number of particles captured by the Huron River and Allen Creek drain, along with the specific 
tracking number of individual particles captured by the drain are documented. 
Table 3.9 Particle destinations at end of simulation 
 
 
Models A B C D E F G H I J
Bedrock 
Drain Capture: total 
number of particles 5 7 7 3 3 4 3 2 5 4
River Capture: total 
number of particles 95 93 93 97 97 96 97 98 95 96
4 4 1 4 1 14 1 1 1 1
14 14 4 15 95 32 4 59 8 2
17 16 14 16 99 43 61 15 7
32 17 16 97 16 9
60 31 17 34
37 31
41 46
Drain Particles: 
Particle Number
Kunkle New
Particle Tracking: Destination at End of Simulation
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These results show that for all ten models, the majority of particles traveled through the 
system and ended up in the Huron River and a small number (23 out of 1,000 particles) discharge 
to the Allen Creek Drain. Two models, B and C, lose a maximum of seven particles to the drain 
system. Model H loses the fewest number of particles (two) in the drain system.  
Particle #1 was lost to the Allen Creek drain most frequently, in 6 models total (Models 
C, E, G, H, I, and J). Particle # 4 was lost to the drain in 5 models A B, C, D and G the second 
most.  
 
Table 3.10 Frequency of particles lost in Allen Creek Drain 
 
 
3.3.2. Particle Travel Times 
Each of the ten model simulations was analyzed to quantify predicted travel times for 
particles to reach the Huron River. Table 3.11 presents minimum, mean, median, and maximum 
particle travel times (in years) for each model. Drain particles are excluded from the travel time 
data reported in Table 3.11. 
Particle Number
# of Models in which 
the Particle is Lost to 
the Allen Creek Drain
1 6
4 5
14, 16 4
17 3
15, 31, 32 2
2, 7, 8, 9, 34, 37, 41, 43, 46, 59, 60, 61, 95, 97, 98 1
Drain Summary
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Average particle travel times for the ten models range from 40 to 144 years to reach the 
Huron River.  Median particle travel times to reach the Huron River ranged from 20 to 31 years. 
Results from the individual model cases are presented in more detail in the sections that follow. 
The fastest time for a contaminant particle to reach the Huron River system, 13 years, 
was simulated in all (models A, B, C, D) but one (model E) of the Kunkle bedrock map models.  
Models A-E all show asymmetrical histograms that are positively skewed, and the mean 
is greater than the median. 
Minimum travel times were slightly longer, approximately 14 years, in the revised 
bedrock model (models F-J). The longest time recorded for the contaminant particles to reach the 
Huron River was 6,565 years, found in model H, a revised bedrock map model. Models F-J also 
show asymmetrical shape and are positively skewed. 
 
 
Table 3.11 Particle travel times to Huron River 
 
 
 
 
Models A B C D E F G H I J
Bedrock 
Minimum 13 13 13 13 14 14 14 14 14 14
Mean 43 40 67 63 57 50 61 144 78 57
Median 23 20 26 23 29 26 25 22 27 31
Maximum 325 555 1689 585 916 189 750 6565 1190 393
Particle Travel Time: Time to River (years)
Kunkle Revised
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Figure 3.15 Model A-E particle travel time histograms 
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Figure 3.16 Model F-J particle travel time histograms 
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3.3.3. Particle Tracking Pathlines 
Figures 3.17-3.26 depict particle pathlines in map view for each of the ten models. The 
pathlines are displayed using direction-highlighted colored schemes, maroon indicating inward 
movement, navy indicating outward movement and green representing in plane movement. Time 
markers are visible every 365 days (1yr).  
  Each model shows particles travel east-northeast toward the Huron River. The models 
all exhibit a similar pattern of closely spaced pathlines in the north south direction that diverge 
slightly and come back together just before reaching the Huron River.  Each model also shows 
similar patterns of inward/outward (downward/upward when viewed in map view) movement. 
All models except for E and J have a few particles that travel in a more north-easterly direction 
leaving the prohibition zone boundary and traveling to the Huron River farther north. 
 
 
Figure 3.17 Model A pathlines 
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Figure 3.18 Model B pathlines 
 
 
 
 
Figure 3.19 Model C pathlines 
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Figure 3.20 Model D pathlines 
 
 
 
Figure 3.21 Model E pathlines 
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Figure 3.22 Model F pathlines 
 
 
 
Figure 3.23 Model G pathlines 
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Figure 3.24 Model H pathlines 
 
 
 
Figure 3.25 Model I pathlines 
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Figure 3.26 Model J pathlines 
 
3.3.4. Concentration Breakthrough Times 
Breakthrough curves (plots of concentration vs. time) were modeled at specified 
observation points between the particle release points (near Wagner road) and the Huron River. 
Results are presented in Figures 27-66 and summarized in Tables 3.12-3.21. First arrivals were 
estimated at times when simulated concentrations approximated 1 ppb, the detection limit of 1,4-
dioxane in monitoring well samples. These ranged from 5 to 35 years in non-bedrock 
observation points and are similar in magnitude to the modeled minimum travel times for 
advective particles (Table 3.11).  
Although several advective particle travel times were estimated to have early arrival 
times at the Huron River, concentration breakthrough curves showed few observation points that 
reach breakthrough values before the end of the 50 year simulation, indicating that the highest 
concentrations of the plume move slower than the leading edge. This is consistent with solute 
transport theory.  Longitudinal dispersion reduces concentrations along the advective front, 
67 
 
 
whereas transverse dispersion reduces concentrations everywhere behind the leading edge of a 
plume (Domenico and Schwartz, 1990). Furthermore, advective-dispersive breakthrough times 
are on the same order of magnitude as mean advective particle travel times. 
 
Table 3.12 Model A breakthrough curve metrics at selected observation points 
 
 
 
Figure 3.27 Model A COBS03 breakthrough curves 
Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point: 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.18 11 116 19 233
785 Aquifer Lower 6 1.02 10 384 32 787
745 Aquitard Lower 7 0.96 13 421 34 786
845 Aquifer Mid1 5 1.46 9 109 19 219
765 Aquifer Mid2 6 1.11 14 142 47 284
665 Aquifer Mid3 24 1.02 43 31.9 50 57.6
775 Aquifer Upper 13 1.46 22 223 41 426
705 Aquifer Mid 15 1.23 27 277 46 564
645 Aquifer Lower 16 1.09 27 253 46 541
805 Aquifer Upper 15 1.23 22 46.8 34 94.6
765 Aquifer Mid 12 1.03 21 98.1 36 144
645 Aquifer Lower 12 1.05 22 226 50 435
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Figure 3.28 Model A COBS04 breakthrough curves 
 
 
 
Figure 3.29 Model A COBS003 breakthrough curves 
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Figure 3.30 Model A COBS004 breakthrough curves 
 
 
 
 
 
 
Table 3.13 Model B breakthrough curve metrics at selected observation points 
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Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Break 
Through Time 
(years)
Break 
Through 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.23 11 1117 19 233
785 Aquifer Lower 6 1.09 10 384 38 799
665 Bedrock
845 Aquifer Mid1 5 1.54 9 111 22 224
765 Aquifer Mid2 6 1.18 13 133 41 265
665 Aquifer Mid3 26 1.06 44 24.2 50 41.4
605 Bedrock
775 Aquifer Upper 13 0.952 22 228 50 455
705 Aquifer Mid 15 1.09 28 285 50 564
645 Aquifer Lower 16 1.14 29 253 50 505
625 Bedrock 26 1.01 41 12.9 50 24.5
805 Aquifer Upper 15 1.28 23 49.3 37 98.2
765 Aquifer Mid 12 1.09 19 70.5 34 141
645 Aquifer Lower 12 1.08 22 224 50 453
625 Bedrock 24 1.00 35 3.69 50 7.96
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Model B: Contaminant Concentration Breakthrough at Selected Observation Points
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Figure 3.31 Model B COBS03 breakthrough curves 
 
 
 
Figure 3.32 Model B COBS04 breakthrough curves 
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Figure 3.33 Model B COBS003 breakthrough curves 
 
Figure 3.34 Model B COBS004 breakthrough curves 
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Table 3.14 Model C breakthrough curve metrics at selected observation points 
 
 
 
Figure 3.35 Model C COBS03 breakthrough curves 
Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point: 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.24 11 116 22 238
785 Aquifer Lower 6 1.11 10 384 38 795
665 Bedrock
845 Aquifer Mid1 5 1.53 9 109 26 226
765 Aquifer Mid2 6 1.20 13 137 50 276
665 Aquifer Mid3 24 1.06 41 24 50 47.8
605 Bedrock 50 0.000426
775 Aquifer Upper 13 0.955 22 217 43 429
705 Aquifer Mid 15 1.089 28 277 50 548
645 Aquifer Lower 16 1.185 30 226 50 451
625 Bedrock 24 1.045 39 23.6 50 46.4
805 Aquifer Upper 15 1.28 22 47.1 35 95.1
765 Aquifer Mid 12 1.09 19 70.3 35 141
645 Aquifer Lower 12 1.08 22 226 50 448
625 Bedrock 17 1.02 33 24.2 50 50.5
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Figure 3.36 Model C COBS04 breakthrough curves 
 
 
 
Figure 3.37 Model C COBS003 breakthrough curves 
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Figure 3.38 Model C COBS004 breakthrough curves 
 
Table 3.15 Model D breakthrough curve metrics at selected observation points 
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Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point: 
Time 
(years)
1st Arrival at 
Point: 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.28 12 145 22 277
785 Aquifer Lower 6 0.936 11 421 36 825
665 Bedrock 47 1.03 47 0.981 50 1.72
845 Aquifer Mid1 5 0.962 9 145 27 289
765 Aquifer Mid2 6 1.12 14 166 47 322
665 Aquifer Mid3 21 1.05 39 28.7 50 57.8
605 Bedrock 37 1.03 43 3.43 50 7.89
775 Aquifer Upper 13 0.909 27 277 50 455
705 Aquifer Mid 15 1.09 29 262 50 511
645 Aquifer Lower 17 1.24 31 176 50 357
625 Bedrock 20 1.13 36 51.2 50 102
805 Aquifer Upper 16 1.08 24 31.0 36 61.9
765 Aquifer Mid 13 1.12 19 47.0 33 93.4
645 Aquifer Lower 13 1.43 23 144 50 321
625 Bedrock 15 0.924 28 115 50 229
COBS03
COBS04
COBS003
COBS004
Model D: Contaminant Concentration Breakthrough at Selected Observation Points
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Figure 3.39 Model D COBS03 breakthrough curves 
 
 
 
Figure 3.40 Model D COBS04 breakthrough curves 
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Figure 3.41 Model D COBS003 breakthrough curves 
 
 
 
Figure 3.42 Model D COBS004 breakthrough curves 
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Table 3.16 Model E breakthrough curve metrics at selected observation points 
 
 
 
Figure 3.43 Model E COBS03 breakthrough curves 
 
 
Concentration 
Observation 
Group
Elevation
Layer 
Type
Secondary 
Type
1st Arrival 
at Obs. 
Point: 
Time 
(years)
1st Arrival at 
Point: 
Concentration 
(μg/l)
Break Through 
Time (years)
Break Through 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.67 12 144 18 239
785 Aquifer Lower 6 0.821 11 424 25 802
665 Bedrock 24 1.01 43 118 50 232
845 Aquifer Mid1 6 1.09 9 82.4 17 164
765 Aquifer Mid2 6 1.00 15 105 39 219
665 Aquifer Mid3 17 1.02 36 202 50 403
605 Bedrock 20 1.13 39 239 50 478
775 Aquifer Upper 24 1.10 38 55.2 50 111
705 Aquifer Mid 16 1.15 30 235 50 469
645 Aquifer Lower 19 1.09 34 120 50 240
625 Bedrock 22 1.06 37 76.5 50 149
805 Aquifer Upper 16 1.08 24 33.5 34 59.7
765 Aquifer Mid 13 1.12 19 47.1 31 90.7
645 Aquifer Lower 13 1.43 23 152 42 302
625 Bedrock 15 1.23 27 110 49 228
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Figure 3.44 Model E COBS04 breakthrough curves 
 
 
 
Figure 3.45 Model E COBS003 breakthrough curves 
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Figure 3.46 Model E COBS004 breakthrough curves 
 
 
Table 3.17 Model F breakthrough curve metrics at selected observation points 
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Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.14 12 114 21 224
785 Aquifer Lower 6 1.16 11 408 44 815
745 Aquitard Lower 7 0.947 13 374 49 771
845 Aquifer Mid1 6 1.35 9 101 27 199
765 Aquifer Mid2 6 1.05 18 184 50 330
665 Aquifer Lower 19 1.02 40 37.7 50 78.4
775 Aquifer Upper 13 1.17 23 209 50 432
705 Aquifer Mid 16 1.03 31 274 50 555
645 Aquifer Lower 18 1.11 33 261 50 534
805 Aquifer Upper 16 1.02 23 31.4 38 71.6
765 Aquifer Mid 13 1.20 20 62.7 36 122
645 Aquifer Lower 13 0.928 24 177 50 359
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COBS003
COBS004
Model F: Contaminant Concentration Breakthrough at Selected Observation Points
80 
 
 
 
Figure 3.47 Model F COBS03 breakthrough curves 
 
 
 
Figure 3.48 Model F COBS04 breakthrough curves 
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Figure 3.49 Model F COBS003 breakthrough curves 
 
 
 
Figure 3.50 Model F COBS004 breakthrough curves 
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Table 3.18 Model G breakthrough curve metrics at selected observation points 
 
 
 
 
Figure 3.51 Model G COBS03 breakthrough curves 
Concentration 
Observation 
Group
Elevation Type
Second
ary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.14 12 114 23 227
785 Aquifer Lower 6 1.14 11 376 29 761
645 Bedrock 50 0.000995
845 Aquifer Mid1 6 1.34 9 92.6 21 193
765 Aquifer Mid2 6 1.04 16 158 50 326
665 Aquifer Lower 20 1.03 39 29.5 50 63.2
605 Bedrock
775 Aquifer Upper 13 1.16 23 212 50 426
705 Aquifer Mid 16 1.01 32 274 50 532
645 Aquifer Lower 18 1.05 37 244 50 475
625 Bedrock 32 1.05 38 3.23 50 11.4
805 Aquifer Upper 16 1.01 24 38.4 33 65.9
765 Aquifer Mid 13 1.19 21 74.6 37 122
645 Aquifer Lower 13 1.16 23 168 50 365
625 Bedrock 28 1.03 38 2.68 50 5.17
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Figure 3.52 Model G COBS04 breakthrough curves 
 
 
 
Figure 3.53 Model G COBS003 breakthrough curves 
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Figure 3.54 Model G COBS004 breakthrough curves 
 
 
Table 3.19 Model H breakthrough curve metrics at selected observation points 
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Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.12 12 114 22 227
785 Aquifer Lower 6 1.12 11 376 36 780
645 Bedrock 3 0.0000316 50 0.163
845 Aquifer Mid1 6 1.32 9 92.1 26 198
765 Aquifer Mid2 6 1.02 17 163 50 323
665 Aquifer Lower 19 1.09 41 37.9 50 72.2
605 Bedrock
775 Aquifer Upper 13 1.14 23 212 50 426
705 Aquifer Mid 17 1.33 32 278 50 528
645 Aquifer Lower 18 1.01 36 229 50 460
625 Bedrock 25 1.05 41 24.6 50 49.6
805 Aquifer Upper 16 1.28 24 35.5 37 70.7
765 Aquifer Mid 13 1.17 20 61.1 35 119
645 Aquifer Lower 13 1.13 24 183 50 362
625 Bedrock 19 1.08 37 19.7 50 35.4
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COBS003
COBS004
Model H: Contaminant Concentration Breakthrough at Selected Observation Points
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Figure 3.55 Model H COBS03 breakthrough curves 
 
 
 
Figure 3.56 Model H COBS04 breakthrough curves 
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Figure 3.57 Model H COBS003 breakthrough curves 
 
 
 
Figure 3.58 Model H COBS004 breakthrough curves 
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Table 3.20 Model I breakthrough curve metrics at selected observation points 
 
 
 
 
Figure 3.59 Model I COBS03 breakthrough curves 
 
 
Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 1.04 12 115 21 231
785 Aquifer Lower 6 0.999 11 378 32 779
645 Bedrock 35 1.02 28 0.13 50 9.75
845 Aquifer Mid1 6 1.20 9 96.6 31 195
765 Aquifer Mid2 6 1.54 17 151 50 295
665 Aquifer Lower 20 1.02 41 40.9 50 82.5
605 Bedrock 50 0.933 24 0.00223 50 0.933
775 Aquifer Upper 13 1.01 23 210 50 422
705 Aquifer Mid 17 1.15 31 253 50 508
645 Aquifer Lower 19 1.10 35 173 50 361
625 Bedrock 23 1.05 40 42.5 50 81.8
805 Aquifer Upper 16 1.17 23 31.2 34 64.6
765 Aquifer Mid 13 1.06 20 60.6 38 119
645 Aquifer Lower 13 1.44 24 164 50 336
625 Bedrock 16 1.06 34 58.2 50 130
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Figure 3.60 Model I COBS04 breakthrough curves 
 
 
 
Figure 3.61 Model I COBS003 breakthrough curves 
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Figure 3.62 Model I COBS004 breakthrough curves 
 
 
Table 3.21 Model J breakthrough curve metrics at selected observation points 
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Concentration 
Observation 
Group
Elevation Type
Secondary 
Type
1st Arrival 
at Point 
Time 
(years)
1st Arrival at 
Point 
Concentration 
(μg/l)
Breakthrough 
Time (years)
Breakthrough 
Concentration 
(μg/l)
Maximum 
Time (years)
Maximum 
Concentration 
(μg/l)
925 Aquifer Upper 7 0.149 12 123 224 254
785 Aquifer Lower 7 1.86 11 424 26 873
645 Bedrock 25 1.03 44 98 50 192
845 Aquifer Mid1 6 1.02 9 77.3 27 156
765 Aquifer Mid2 7 1.26 18 84 50 171
665 Aquifer Lower 20 1.08 38 108 50 237
605 Bedrock 22 1.09 39 184 50 377
775 Aquifer Upper 14 1.01 24 187 50 377
705 Aquifer Mid 18 1.16 33 198 50 391
645 Aquifer Lower 21 1.09 37 90.4 50 177
625 Bedrock 24 1.13 38 51.7 50 111
805 Aquifer Upper 17 1.19 24 22.3 39 49.1
765 Aquifer Mid 14 1.24 21 46.6 44 91.9
645 Aquifer Lower 14 1.30 25 88.4 50 176
625 Bedrock 16 1.12 29 64.9 50 133
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Figure 3.63 Model J COBS03 breakthrough curves 
 
 
 
Figure 3.64 Model J COBS04 breakthrough curves 
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Figure 3.65 Model J COBS003 breakthrough curves 
 
 
 
Figure 3.66 Model J COBS004 breakthrough curves 
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3.3.5. Concentration Maps 
1,4-Dioxane contaminant concentration maps (Figures 67-xx) display layer 17 
concentrations at the end of the 18,250 day (50 year) simulation. Layer 17 was chosen to show 
comparisons between all ten models because it is situated in the middle of the model. Each is 
displayed using 1, 10, 85, 250, 500 and 1,000 μg/L contour lines and a 0-2,500 μg/L color 
shading scale.  
 
 
 
Figure 3.67 Model A simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years). Groundwater 
prohibition zone is outlined in yellow. 
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Figure 3.68 Model B simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
 
 
 
Figure 3.69 Model C simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
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Figure 3.70 Model D simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
 
 
 
Figure 3.71 Model E simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
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Figure 3.72 Model F simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
 
 
 
Figure 3.73 Model G simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
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Figure 3.74 Model H simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
 
 
 
Figure 3.75 Model I simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
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Figure 3.76 Model J simulated 1,4-dioxane concentrations in layer 17 at 18,250 days (50 years) 
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CHAPTER 4: 
DISCUSSION 
The overall objectives of this study were to generate a new hydrogeologic interpretation 
of bedrock topography and transmissivity incorporating the presence of matrix permeability or 
structurally enhanced permeability via fracturing and to evaluate the influence of these revised 
parameters on numerical groundwater flow and contaminant transport model predictions.  
Three hypotheses (Section 1.5) were constructed to evaluate: 1) how changes in bedrock 
topography influence the speed of groundwater flow and dissolved contaminant transport 
through an overlying glacial aquifer system; 2) how changes in bedrock permeability influence 
contaminant movement; and 3) the effect of structural features on contaminant transport.  
This chapter compares predictions from ten numerical groundwater flow and contaminant 
transport models (A-J).  Model performance for advective transport based on particle tracking 
pathlines and travel times, and advective-dispersive transport, based on concentration 
breakthrough curves and maps are discussed. The potential role of structurally-induced 
anisotropy is considered, and recommendations for future studies are provided below.  
4.1. Hypothesis 1   
  The first hypothesis stated that, when treated as a no-flow boundary, a change in bedrock 
topography would influence the speed of groundwater flow and dissolved contaminant transport 
through the overlying glacial aquifer system.  
Models A and F were constructed using two different interpretations of the bedrock 
topography beneath the study area. Model A was built using the Kunkle (1961) bedrock map.  It 
included more intricate lobate shapes, and a rougher, more irregular surface (Figure 4.1). Model 
F was built using a revised bedrock elevation map incorporating newer elevation data that 
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resulted in a smoother topography (Figure 4.2). The bedrock surface was treated as an inactive 
(no-flow) boundary in both models and all other boundary conditions were identical. 
When comparing the two models, head equipotentials show the overall gradient from the 
particle release area along Wagner Road to the Huron River is similar, with potentiometric 
surface elevations ranging from 880 to 790 feet (268 – 241 m) west to east. Because velocity of 
flow is proportional to hydraulic gradient (Domenico and Schwartz, 1990), major differences in 
particle travel times were not expected based on the revised bedrock topography map.  
Comparison of particle pathlines for Models A and F in map view (Figures 3.16 and 3.21) show 
nearly identical patterns.  This is not surprising given that both models contain identical source 
and boundary conditions (other than bedrock topography).  Subtle differences in particle travel 
times were apparent, however. 
 
Figure 4.1 West to east Model A vertical profile along Row 59, where Y axis represents Z coordinates and X 
axis represents X coordinates. Inactive bedrock cells below the thick black bottom line are shown in green. 
Within the finely gridded central portion of the model, white cells represent aquifer material and green cells 
are aquitard.  Cells above the upper heavy black line representing surface topography are inactive. 
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Figure 4.2 West to east Model F vertical profile along Row 59, where Y axis represents Z coordinates and X 
axis represents X coordinates. Inactive bedrock cells below the thick black bottom line are shown in green. 
Within the finely gridded central portion of the model, white cells represent aquifer material and green cells 
are aquitard.  Cells above the upper heavy black line representing surface topography are inactive. 
 
 
Figure 4.3 West to east Model C vertical profile along row 59 showing active bedrock topography (pink).  
White cells represent aquifer material.  Green cells are aquitard.  Cells above the heavy black line 
representing surface topography are inactive. 
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Figure 4.4 West to east Model H vertical profile along row 59 showing active bedrock topography (pink).  
White cells represent aquifer material.  Green cells are aquitard.  Cells above the heavy black line 
representing surface topography are inactive. 
 
 
Particle tracking results generated a narrower range of outcomes for Model F compared 
to Model A.  The minimum particle travel times of model F were slower by one year and the 
maximum particle travel time was 136 years faster than model A.  Mean and median travel times 
in Model F were slower by seven and three years, respectively.   
Model F to Model A comparisons for advective-dispersive transport show similar results.  
Breakthrough curves generated using MT3D at downgradient observation points were compared 
for Model A (Table 3.12) and Model F (Table 3.17).  First arrival times for comparative 
observation well screens were one to two years slower for Model F compared to Model A.  With 
the exception of COBS04 screen G, times to reach maximum concentrations were seven to 76 
years faster in Model F.  Thus, the range of transport times is generally narrower for Model F 
compared to model A.  Estimated breakthrough times for Model F ranged from one year faster 
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(one observation) to 6 years slower at the same observation points.  This is similar to the 
magnitude of slower mean and median particle travel times to the Huron River reported earlier. 
Taken together, these results support the first hypothesis.  Modification of the bedrock 
surface topography changed the modeled behavior of both advective and advective-dispersive 
1,4-dioxane transport in similar ways.  Although the smoother revised bedrock surface model 
unexpectedly generated slower mean and median travel times, modeled changes in minimum, 
mean, median, breakthrough, and maximum travel times were on the order of magnitude of years 
to decades which would be relevant to remedial site investigations in this area. 
4.2. Hypothesis 2  
Model sets B-E and G-J incorporate transmissive bedrock. Each group of models had 
four orders of magnitude difference in conductivity values. Model Set B-E incorporates the 
Kunkle (1961) bedrock surface and Model Set G-J utilizes the revised bedrock surface from this 
thesis.  Comparison of advective particle transport times between the two model sets is 
illustrated in Figures 4.5-4.8.   
In general, results were similar to those observed for Models A and F with no-flow 
bedrock:  Model Set G-J displays slower minimum, mean, and median particle travel times 
compared to Model Set B-E.  Maximum travel times (Figure 4.8) were both faster and slower 
across the model set results.  The most significant deviations were observed in Models C and H 
with two orders or magnitude permeability contrast.  The maximum particle travel time for 
models C and H were 1689 years and 6565 years, respectively (Table 3.11).  These large travel 
times also led to larger mean particle travel times (Figure 4.6) for Models C and H.   
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Interestingly, at two orders of magnitude conductivity K contrast, models C and H 
showed the most fluctuation in mean, median and maximum times between the two groups of 
models. This could be due to the few particles that travelled in the far northeast direction.  
Examination of advective-dispersive model behavior at downgradient observation points 
reveals that 1,4-dioxane is transported through bedrock layers in both model sets (Tables 3.12-
3.21).  As the permeability contrast between bedrock cells and the overlying aquifer/aquitard 
cells is reduced from 3 OM to 0 OM, higher concentrations are observed at bedrock observation 
points as more 1,4-dioxane moves through bedrock material.  In addition, first arrival and 
breakthrough times generally decrease as the permeability contrast is decreased, indicating that 
1,4-dioxane is predicted to move faster through the bedrock.   
Taken together, these results support the second hypothesis.  Changes in modeled 
transport behavior in response to modification of bedrock hydraulic conductivity were observed 
in both model sets.  Changes to the permeability of bedrock did not result in a linear or even 
monotonic relationship for advective particle tracking times. Changes in advective-dispersive 
transport behavior in response to bedrock permeability changes were also complex.  
Nevertheless, demonstrable differences in first arrival times, breakthrough times, breakthrough 
concentrations, and maximum concentrations demonstrate that altering the bedrock 
transmissivity changes 1,4-dioxane transport through both the bedrock and overlying aquifer and 
aquitard layers.   
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Figure 4.5 Minimum particle travel times 
 
 
 
Figure 4.6 Mean particle travel times 
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Figure 4.7 Median particle travel times 
 
 
 
Figure 4.8 Maximum particle travel times 
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4.3. Hypothesis 3 
Outcrops and thin sections described in this study provided insight on structural 
tendencies of Coldwater Shale for near vertical and sub horizontal joint sets, faulting, fractures or 
lamination partings.  Some of the joint sets and faulting could be due to uplift/unloading or 
mechanical weathering of the outcrops, which may be an inaccurate comparison to unexposed 
and buried Coldwater Bedrock at the study site.  It could not be determined in Coldwater Shale 
beneath the study site if there were any large fractures or faults without further research being 
performed on the bedrock of the study site. Projection of joint/fracture orientations observed in 
Huron County outcrops (Section 3.1.1.1) around the perimeter of the Michigan Basin Coldwater 
Shale subcrop would lead to northwest-southeast oriented structural features. The Howell 
anticline just northeast of the area could also lead to perpendicular (northeast-southwest) joints 
and fractures off of the anticline hinge line (northwest-southeast). The length and size of these 
inferred features would be estimated and remain unknown.   
In order to model the potential influence of northeast-southwest trending faulting or 
fracturing of bedrock, a directional anisotropy would need to be introduced into the model. 
MODFLOW uses column to row anisotropy with variations allowed in different layers (Kladias 
and Ruskauff, 1997). Specifically, MODFLOW incorporates horizontal anisotropy through the 
specification of a Kx:Ky ratio.  However the inferred orientation of joints and fractures associated 
with the Howell Anticline imposed inherent issues, because Kx and Ky values would cancel out 
creating an anisotropy ratio of 1 (Figure 4.9). A similar problem would be presented for 
northwest-southeast oriented structural features. 
This issue could be addressed by either rotating the model domain to a northeast-
southwest orientation or by using the anisotropy engine within the Layer Variable Direction 
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Horizontal Anisotropy (LVDA) capability of the Hydrogeologic-Unit Flow (HUF) Package 
(Anderman et al., 2002). Another option to adjust anisotropy in more than just various layers  
would be to use code modifications and store anisotropy in grid blocks (Kladias and Ruskauff, 
1997). In order the rotate the model within the program, it would take far more time and 
resources than were available for this project.  Additional software would have been needed to 
implement the LVDA HUF package.  Each of these options was beyond the scope of this 
investigation, so that the third hypothesis remains unevaluated. 
 
Figure 4.9 Aliasing of northeast trending anisotropy in east-west finite difference grid 
 
4.4. Limitations, Conclusions, and Future Research 
While this study aims to reflect accurate and reliable model parameters based on core, 
outcrop, and well observations, limitations remain. One limitation includes the interpretation of 
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the Coldwater Shale bedrock subcrop surface. The contoured surface of this bedrock relies on the 
accuracy and number of available well data present in the area. Every effort was made to obtain 
all available well data pertaining to the elevation and lithologic features of the formation. 
However, some areas, particularly west of the plume have very few data points to use in the 
contoured bedrock surface. The lack of data points in some areas results in an unconstrained 
interpretation of the bedrock surface. Improvements can be made on this if more data were 
available.  
Difficulties describing Coldwater Shale in the study area arise due to its marine 
depositional environment producing gradiation of sediments from shale and carbonates in the 
west to 40% sandstone and sandy shale in the east. Compounding this issue is the thinning of the 
Coldwater Shale over the Howell Anticline and the lack of subsurface structural information 
available. The few studies pertaining to Michigan’s Coldwater Shale Formation have varying 
lithologic descriptions of the Coldwater Shale. There are a few different bedrock maps and 
hydraulic conductivity maps that indicate the transition from Coldwater Shale and Marshall 
Sandstone may not be clearly understood or studied in depth.  Most maps of Coldwater Shale 
data (such as the Coldwater Shale isopach and sand % map of Chung (1973)) only cover 
information obtained for the basin bedrock, but not the eroded subcropping areas of bedrock, 
such as that found in the study site. Future research on the subcropping bedrock of this study area 
would be beneficial to understanding the system as a whole.  
The ten numerical models evaluated in this study, while supporting the first two 
hypotheses proposed, leave room for further refinement. There was no conclusive way to 
determine which order of magnitude hydraulic conductivity models best approximates the 
specific boundary conditions of study site without further investigation of the sub cropping unit. 
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Therefore, use of a range of K values to generate a commensurate range of model predictions 
appears warranted at this time. 
Further refinement of the models could also be completed using a stochastic method to 
assign conductivity values within the postulated bedrock aquifer system. Adding variability to 
the hydraulic conductivity of both the glacial and bedrock stratigraphy may yield more realistic 
results.  
Models in this study were run using steady state conditions. However, realistic open 
aquifer systems experience recharge cycles due to climate patterns and significant changes in 
remedial well pumping over time could also affect travel times and directions. This could be 
addressed by running the models under transient conditions. 
In conclusion, both hypothesis 1 and hypothesis 2 were supported by the advective 
forward particle tracking data and advective dispersive contaminant concentration plume results. 
Model predictions differ on the order of a few years to decades differences in travel times and 
tens to hundreds of μg/L in concentrations. Although Hypothesis 3 remains unevaluated, it is still 
an important consideration for the study site based on the evidence provided by the first two 
hypotheses that bedrock topography, and porosity and permeability affect the transport of 1,4-
dioxane on scales that are potentially relevant to remedial operations and site management.   
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APPENDIX A WELL DATA 
 
Figure A.1 Oil wells used in bedrock contour map. 
 
Table A.1 Oil and gas well description. 
 
 
OBJECT 
ID 
Permit  API Well  
Formation 
Pick
Measured 
Depth
Reference 
for Tops
Elevation 
Ground
Elevation 
Kelly 
Bushing
Slant Permit Date WH Lat WH Long
Bedrock 
Elevation
1 19202
21-161-19202-
01-00
COLDWATER  
SHALE 156
Ground 
Level 890 Vertical 8/30/1954 42.2789 -83.8543 734
2 44528
21-161-44528-
00-00
COLDWATER  
SHALE 344
Kelly 
Bushing 955 970 Vertical 3/12/1991 42.3475 -83.7046 626
Oil and Gas Wells in Bedrock Map
111 
 
 
  
 
Figure A.2 Location of historical wells from Kunkle (1961). 
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Table A.2 Kunkle (1961) well description. 
 
OBJECT 
ID 
X Coordinate Y Coordinate
Z 
Coordinate
Well 
Number
Location COUNTY TOWN RANGE SECTION 
Year 
Drilled
Total 
Depth
Altitude 
(ft)
Remarks
Bedrock 
Elevation 
(ft)
1 277938.0605 4673138.153 273 35.1 C 81 03S 06E 35 1946 275 826 Log, dry hole 553
2 276319.5108 4673148.075 233 34.1 C 81 03S 06E 34 1936 233 806
Log, screen 614 
588' 573
3 269848.8553 4673180.855 135 36.1 C 81 03S 05E 36 1949 140 820 Log 685
4 273387.3751 4673484.036 130 32.1 NE SW NE 81 03S 06E 32 1930 200 795 Log 665
5 278563.4614 4674161.131 234 26.1 C SE SE 81 03S 06E 26 1946 237 828 Log 594
6 279885.055 4674851.305 256 25.1 SE SW NE 81 03S 06E 25 1946 260 805 Log 549
7 272590.6465 4675530.267 150 29.1 NE NW NW 81 03S 06E 29 1930 213 820 Log 670
8 275710.0337 4680411.715 180 10.1 NW NW NW 81 03S 06E 10 1927 225 820 Log 640
9 279547.7364 4680577.463 260 1.7 SE SE SW 81 03S 06E 1 832 0 260 drift 572
10 278972.7117 4680807.387 270 1.6 NW SW SW 81 03S 06E 1 835 0 270 drift 565
11 279769.3787 4681144.336 300 1.5 NW NW SE 81 03S 06E 1 820 0 300 drift 520
12 277453.3884 4681532.816 243 2.6 C SW NW 81 03S 06E 2 244 800 Log 557
13 277337.7967 4681931.987 163 2.5 NW NW NW 81 03S 06E 2 1953 198 822 Log 659
14 274267.2846 4682281.289 203 33.2 NE SW SW 81 02S 06E 33 1932 203 831 Log 628
15 273862.4756 4682288.107 210 32.3 NE SE SE 81 02S 06E 32 215 860 Log 650
16 271360.7694 4682594.875 227 31.3 C NE SW 81 02S 06E 31 227 932 Log 705
17 279518.8594 4683704.609 190 25.2 S SE SW 81 02S 06E 25 1944 199 810 Log, Pump test 620
18 273291.3267 4683709.223 120 29.1 SW SW SE 81 02S 06E 29 175 822 Log 702
19 276919.0319 4683745.29 150 27.1 SW SE SE 81 02S 06E 27 1922 200 849 Log 699
20 274091.2152 4683782.105 235 28.1 W SW SW 81 02S 06E 28 280 880
Log, salt water 
at 515' 645
21 269362.1304 4683816.456 225 25.5 SW SW 81 02S 05E 25 1949 350 1020 Log 795
22 278025.6626 4684039.674 276 26.2 C S 81 02S 06E 26 1960 306 840 Log,dry 564
23 271863.9757 4684134.247 174 30.3 SE NW SE 81 02S 06E 30 1927 175 841
Log, screen 150 
170, 
700000gpd 667
24 277426.5903 4684152.835 173 26.1 S NW Sw 81 02S 06E 26 1935 173 760 Log 587
25 272490.6205 4684508.433 140 29.6 SW SW NW 81 02S 06E 29 160 810 670
26 273307.0141 4684527.688 164 29.3 SW SW NE 81 02S 06E 29 835 671
27 273889.5454 4684531.234 178 29.5 SE SE NE 81 02S 06E 29 1935 475 863 Log 685
28 275906.0687 4684550.312 290 27.2 SE SW NW 81 02S 06E 27 1927 300 852 Log 562
29 269567.7505 4684604.227 225 25.1 C S NW 81 02S 05E 25 350 920 Log 695
30 264626.5376 4684676.318 156 28.1 NE SW NW 81 02S 05E 28 1954 4215 890
O&G #19202, 0 
156 drift  
508Coldwater 
shale 734
31 273903.8523 4685552.787 155 20.2 NE SE SE 81 02S 06E 20 1933 165 775
Log, saltty at 
100' & deeper 620
32 262058.8308 4686130.213 140 19.2 SE SW NE 81 02S 05E 19 910 0 140 drift 770
33 280434.6612 4686608.234 213 24.1 C NE Ne 81 02S 06E 24 1960 330 820 Log, chem. Test 607
34 274748.0242 4687813.321 260 16.2 C SE NW 81 02S 06E 16 1959 285 930 Log, dry hole 670
35 271221.2574 4687880.612 147 18.3 C S NW 81 02S 06E 18 1960 193 847 Log, water salty 700
36 269099.9847 4687992.244 216 14.2 NE SE NE 81 02S 05E 14 1935 218 834 Log 618
37 272545.2262 4688199.495 195 17.2 SW NW NW 81 02S 06E 17 1927 200 812 Log 617
38 272631.228 4688295.532 135 17.1 C NW NW 81 02S 06E 17 140 810 Log 675
39 272318.4286 4688394.931 126 18.2 NE NE Ne 81 02S 06E 18 156 820
0 126 drift,  
156 694
40 276370.8088 4688656.561 312 10.1 SE SE SW 81 02S 06E 10 312 950 Dry hole 638
41 264246.0772 4690269.464 118 5.2 C SE SE 81 02S 05E 5 1947 120 847 Dry, hole? 729
42 264251.4316 4690676.922 130 5.3 C NE SE 81 02S 05E 5 130 830
Gravel aquifer 
at 108' 700
43 262137.5791 4691013.41 62 6.2 SW SW NE 81 02S 05E 6 1946 77 864 Log 802
44 262231.032 4691367.757 107 6.1 S NW NE 81 02S 05E 6 145 871 Log 764
45 263036.493 4691412.898 138 5.1 C NW NW 81 02S 05E 5 1948 138 855
Log, screen 122 
130' 717
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Figure A.3 Water well locations. 
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Table A.3 Water well description. 
OBJECT 
ID 
WELL ID COLOR
PRIMARY 
LITHOLOGY
DEPTH 
(ft)
THICKNESS 
(ft)
PERMIT 
NUMBER
WELL 
DEPTH 
(ft)
CONSTRUCTION 
DATE
LATITUDE LONGITUDE
ELEVATION 
(ft)
Bedrock 
Elevation 
(ft)
1 81000008340 Blue Shale 290 60  290 8/9/1967 42.167781 -83.737655 820 530
2 81000010449  Shale 330 115 2001-8527 365 9/5/2001 10:19 42.170458 -83.68044 824 494
3 81000006665  Sandstone 107 2  112 2/22/1978 42.170479 -83.825045 800 693
4 81000007221 Black Shale 128 2  153 11/15/1982 42.170551 -83.749059 800 672
5 81000012491  Sandstone 156 27 200268 160 8/6/2002 42.170952 -83.813144 801 645
6 81000017315  Shale 116 2 05 00932 154 7/12/2006 0:00 42.17183 -83.81283 786 670
7 81000017757 Green Sandstone 271 5  271 6/12/2007 42.17285 -83.71186 836 565
8 81000007571 Gray Shale 237 17  237 12/5/1966 42.174804 -83.658876 820 583
9 81000000003 Black Shale 170 5  170 1/26/1984 42.175152 -83.656394 811 641
10 81000006662  Shale 192 51  192 1/16/1976 0:00 42.175668 -83.819434 808 616
11 81000000004  Shale 188 2  195 1/6/1984 42.176001 -83.655582 811 623
12 81000007241  Limestone 269 3  269 10/1/1979 42.178267 -83.729237 820 551
13 81000017721  Shale 270 3  270 5/8/2007 42.178511 -83.708392 835 565
14 81000007245  Limestone 269 43  269 10/19/1979 0:00 42.178548 -83.729217 820 551
15 81000007257 Blue Shale 175 2  175 5/21/1985 42.182026 -83.728963 830 655
16 81000010430 Blue Shale 207 2 98-10379 207 6/11/1999 42.182955 -83.695274 841 634
17 81000006563 Gray Sandstone 140 19  140 4/24/1984 42.189179 -83.807633 828 688
18 81000006504 Blue Shale 176 30  176 12/2/1977 0:00 42.191453 -83.804455 836 660
19 81000007067 Black Shale 286 13  286 7/19/1967 42.193446 -83.671154 815 529
20 81000006453 Blue Shale 180 40  180 8/9/1985 42.196269 -83.795515 840 660
21 81000013995 Blue
Unidentified 
Consolidated 
Fm 198 21 03-00-682 198 10/18/2003 42.199217 -83.756248 835 637
22 81000006906  Sandstone 189 14  189 2/6/1980 0:00 42.200047 -83.75669 843 654
23 81000006912  Sandstone 172 13  172 11/29/1979 42.200321 -83.755662 843 671
24 81000006357 Red Sandstone 182 6  207 6/24/1988 42.200358 -83.790495 850 668
25 81000006367 Blue Shale 178 4  178 1/18/1985 42.200409 -83.790549 850 672
26 81000006825  Sandstone 165 14  165 1/17/1989 0:00 42.200682 -83.769538 841 676
27 81000006905 Gray Sandstone 172 7  172 2/13/1980 42.200706 -83.757524 843 671
28 81000006354 Red
See 
Comments 178 4  198 2/4/1988 42.201032 -83.791418 849 671
29 81000006914  Sandstone 179 24  189 12/11/1979 42.201128 -83.754485 842 663
30 81000006910  Sandstone 182 10  183 1/23/1980 0:00 42.201222 -83.755922 843 661
31 81000006353 Blue Shale 172 1  172 9/11/1986 42.201368 -83.790155 849 677
32 81000006916  Sandstone 188 21  188 12/7/1979 42.20145 -83.755355 843 655
33 81000006911  Sandstone 177 6  177 1/25/1980 42.201497 -83.756399 843 666
34 81000006907 Gray Sandstone 174 1  174 2/15/1980 0:00 42.201538 -83.756895 842 668
35 81000006844 Gray Sandstone 215 26  219 11/6/1986 42.20181 -83.756959 841 626
36 81000006883 Blue Shale 202 47  211 1/28/1985 42.201889 -83.751241 828 626
37 81000006389 Blue Shale 162 4  162 12/3/1986 42.202105 -83.787524 832 670
38 81000006836 Gray Sandstone 172 15  172 6/28/1985 0:00 42.202159 -83.749876 828 656
39 81000006924  Sandstone 188 37  188 2/10/1981 42.202191 -83.751138 825 637
40 81000006809  Sandstone 178 17  178 4/19/1990 42.202228 -83.768518 837 659
41 81000011208 Blue
Unidentified 
Consolidated 
Fm 218 51 01 05 326 218 11/13/2001 42.202445 -83.800715 842 624
42 81000006899 Gray Sandstone 172 16  172 1/21/1981 0:00 42.202473 -83.749819 825 653
43 81000006893  Sandstone 186 31  186 11/2/1984 42.202522 -83.750941 825 639
44 81000006821 Gray Sandstone 172 13  172 7/3/1990 42.202587 -83.769437 830 658
45 81000006947 Gray Sandstone 185 12  185 4/10/1987 42.202853 -83.753953 840 655
46 81000006904  Sandstone 187 33  187 2/18/1981 0:00 42.202927 -83.750971 827 640
47 81000006833  Sandstone 192 6  192 5/29/1986 42.203152 -83.756057 843 651
48 81000006954  Sandstone 186 15  186 10/15/1986 42.203154 -83.753822 840 654
49 81000006872 Gray Sandstone 207 7  197 10/8/1986 42.203164 -83.756497 841 634
50 81000006820  Sandstone 166 98  177 5/4/1990 0:00 42.203218 -83.77022 825 659
51 81000006921 Gray Sandstone 178 24  188 2/9/1981 42.203286 -83.749685 820 642
52 81000006926  Sandstone 170 20  170 2/18/1981 42.20333 -83.750904 841 671
53 81000006902  Sandstone 172 21  172 2/19/1981 42.203629 -83.750771 825 653
54 81000006866  Sandstone 178 1  198 11/6/1985 0:00 42.203867 -83.753967 841 663
55 81000006868  Sandstone 193 10  193 12/11/1986 42.203889 -83.755242 843 650
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Table A.4 Water well description continued. 
 
OBJECT 
ID 
WELL ID COLOR
PRIMARY 
LITHOLOGY
DEPTH 
(ft)
THICKNESS 
(ft)
PERMIT 
NUMBER
WELL 
DEPTH 
(ft)
CONSTRUCTION 
DATE
LATITUDE LONGITUDE
ELEVATION 
(ft)
Bedrock 
Elevation 
(ft)
56 81000006816  Sandstone 144 6  144 3/20/1990 42.203902 -83.770688 820 676
57 81000006882  Sandstone 191 14  191 7/31/1986 42.20392 -83.753536 840 649
58 81000006946  Sandstone 161 6  203 4/8/1987 0:00 42.203938 -83.757076 841 680
59 81000006896  Sandstone 155 5  172 1/15/1981 42.203939 -83.749616 822 667
60 81000006876  Sandstone 195 10  198 1/5/1987 42.203944 -83.755691 843 648
61 81000006840  Shale 193 2  197 1/27/1987 42.203972 -83.756138 843 650
62 81000006894  Sandstone 172 18  172 5/21/1981 0:00 42.204048 -83.748735 822 650
63 81000006892 Gray Sandstone 172 21  172 9/7/1984 42.204297 -83.750745 828 656
64 81000006855  Sandstone 183 10  191 6/9/1986 42.204343 -83.753255 838 655
65 81000006815  Sandstone 156 3  198 4/26/1990 42.204407 -83.770097 820 664
66 81000006830 Gray Sandstone 186 24  186 11/7/1985 0:00 42.204527 -83.752883 835 649
67 81000006889 Gray Sandstone 171 15  171 4/19/1985 42.204645 -83.749637 826 655
68 81000006903  Sandstone 172 17  172 2/20/1981 42.204669 -83.750737 828 656
69 81000006867  Sandstone 189 17  188 4/28/1986 42.204749 -83.752483 835 646
70 81000006859  Sandstone 169 6  169 11/23/1985 0:00 42.204775 -83.748713 832 663
71 81000006853 Black Shale 252 25  252 3/21/1986 42.204826 -83.754743 843 591
72 81000006861  Sandstone 188 5  188 11/7/1985 42.204894 -83.753965 842 654
73 81000006858  Sandstone 167 7  184 1/6/1986 42.205042 -83.752292 835 668
74 81000006864 Blue Sandstone 201 15  201 1/20/1986 0:00 42.205131 -83.75358 842 641
75 81000006856  Sandstone 202 5  202 5/13/1986 42.205162 -83.75526 843 641
76 81000006878 Gray Sandstone 178 15  178 3/7/1986 42.205218 -83.751907 834 656
77 81000006897  Sandstone 182 17  182 1/15/1981 42.2054 -83.749614 828 646
78 81000006890 Gray Sandstone 172 16  172 10/24/1980 0:00 42.205529 -83.750651 830 658
79 81000006851  Sandstone 201 7  201 5/19/1986 42.205542 -83.754947 842 641
80 81000006933  Sandstone 172 10  172 10/9/1985 42.205544 -83.751662 834 662
81 81000006860  Sandstone 193 11  193 10/15/1985 42.205693 -83.753033 840 647
82 81000006849 Blue Sandstone 181 6  181 9/19/1986 0:00 42.20572 -83.754213 843 662
83 81000006898  Sandstone 165 2  172 1/9/1981 42.205867 -83.749694 832 667
84 81000006913  Sandstone 173 8  173 5/8/1985 42.205974 -83.748963 828 655
85 81000006930  Sandstone 181 13  181 7/29/1986 42.206475 -83.752432 840 659
86 81000006886 Gray Sandstone 182 22  182 10/29/1980 0:00 42.206621 -83.749523 832 650
87 81000006865 Gray Sandstone 174 11  184 2/18/1986 42.20667 -83.751327 835 661
88 81000006873 Gray Sandstone 182 10  182 8/22/1986 42.206712 -83.752818 841 659
89 81000006879  Sandstone 173 12  173 3/3/1986 42.206776 -83.750674 835 662
90 81000006832  Sandstone 174 11  174 6/13/1986 0:00 42.20679 -83.751868 835 661
91 81000006846  Sandstone 215 13  242 11/7/1986 42.207013 -83.754327 840 625
92 81000006421 Blue Shale 180 2  180 3/24/1986 42.209017 -83.792001 851 671
93 81000017429 Gray Limestone 190 37 2006-00510 220 8/25/2006 42.21418 -83.735869 835 645
94 81000006190 Gray Sandstone 222 12  222 11/30/1983 0:00 42.215338 -83.796789 861 639
95 81000006208  
Sandstone & 
Shale 258 4  258 9/18/1973 42.224164 -83.830893 950 692
96 81000006712  Shale 200 115  200 11/12/1974 42.239023 -83.773613 942 742
97 81000006713  Shale 105 32  200 11/27/1975 42.239379 -83.773196 940 835
98 81000006744  Sandstone 286 18  286 1/6/1969 0:00 42.240657 -83.661356 832 546
99 81000006155 Blue Shale 350 2  350 8/11/1982 42.241661 -83.815421 975 625
100 81000012223 Gray Shale 358 4 01 05 362 358 9/21/2001 42.242321 -83.809914 996 638
101 81000010089  Sandstone 360 135 306876 400 8/8/2000 42.245877 -83.71723 840 480
102 81000010092  Sandstone 360 135 306876 400 8/8/2000 12:25 42.246084 -83.717426 843 483
103 81000006691  Shale 300 42  300 2/4/1971 42.253696 -83.671783 795 495
104 81000017070  Sandstone 76 3 WEL2006-00143 90 5/11/2006 42.262553 -83.747723 869 793
105 81000014368  Sandstone 169 2 300956 177 1/19/2004 42.267844 -83.68921 757 588
106 81000004562 Blue Shale 192 2  192 11/11/1986 0:00 42.273134 -83.836597 905 713
107 81000005008 Gray Shale 201 32  201 1/24/1980 42.273291 -83.704728 832 631
108 81000012602 Blue Shale 132 14  132 7/1/2002 42.274454 -83.702691 765 633
109 81000013904 Gray Sandstone 193 15 2003-00700 193 9/23/2003 42.276726 -83.692503 748 555
110 81000004996  Sandstone 159 15  159 9/25/1985 0:00 42.278804 -83.712076 775 616
111 81000004453 Blue Shale 235 5  240 42.284785 -83.794445 830 595
112 81000004315  Shale 208 50  208 5/30/1980 42.291884 -83.821341 861 653
113 81000010483 Gray Shale 190 27 5683 190 8/1/2000 42.293726 -83.82203 857 667
114 81000004112  Shale 135 41  135 8/4/1967 0:00 42.294082 -83.868735 874 739
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Table A.1 Water well description continued. 
 
OBJECT 
ID 
WELL ID COLOR
PRIMARY 
LITHOLOGY
DEPTH 
(ft)
THICKNESS 
(ft)
PERMIT 
NUMBER
WELL 
DEPTH 
(ft)
CONSTRUCTION 
DATE
LATITUDE LONGITUDE
ELEVATION 
(ft)
Bedrock 
Elevation 
(ft)
115 81000004140 Blue Shale 129 2  129 7/21/1978 42.29543 -83.877112 900 771
116 81000004886 Blue Shale 115 4  115 7/31/1986 42.302844 -83.74162 800 685
165 81000011314  Shale 140 52 00 05 177 140 2/12/2001 42.342484 -83.868033 873 733
166 81000013311 Gray Shale 165 73 200697 165 5/13/2003 0:00 42.342539 -83.867903 876 711
167 81000015357 Gray Shale 150 90 400745 150 10/6/2004 42.34296 -83.86815 860 710
168 81000017933 Blue Sandstone 320 30 2006-00022 320 8/31/2007 42.34663 -83.68772 960 640
169 81000017931 Blue Sandstone 448 152 2006-00022 460 8/23/2007 42.34775 -83.68768 969 521
117 81000011209  Shale 120 17 000 72 00 120 10/19/2000 0:00 42.304295 -83.874026 880 760
118 81000003892  Shale 159 37  159 5/28/1968 42.311876 -83.799477 852 693
119 81000003887 Blue Shale 169 19  169 42.312158 -83.797131 855 686
120 81000003663  Sandstone 137 8  157 7/7/1986 42.315454 -83.898849 922 785
121 81000015424  Sandstone 230 40 2004-00659 230 9/5/2004 0:00 42.315719 -83.813182 901 671
122 81000015425  Sandstone 230 40 2004-00659 230 9/5/2004 42.315719 -83.813182 901 671
123 81000003728  Shale 175 20  175 7/23/1985 42.315723 -83.823613 905 730
124 81000003729  Shale 155 1  155 7/23/1985 42.316165 -83.823622 905 750
125 81000003789 Yellow Shale 168 40  168 11/11/1977 0:00 42.319486 -83.78398 870 702
126 81000003759 Blue Shale 202 2  202 7/2/1985 42.319837 -83.802899 898 696
127 81000004846 Gray Sandstone 316 2  318 5/5/1981 42.320074 -83.662598 900 584
128 81000004847 Blue Shale 302 4  302 5/1/1981 42.32012 -83.662258 900 598
129 81000003669  Shale 70 7  70 8/15/1972 0:00 42.321028 -83.888628 858 788
130 81000003800 Blue Shale 199 11  199 10/19/1978 42.321516 -83.784252 920 721
131 81000003797 Blue Shale 242 50  242 10/9/1978 42.32153 -83.784388 920 678
132 81000003676 Blue Shale 82 7  82 12/5/1972 42.323312 -83.890975 863 781
133 81000003677  Shale 93 12  93 2/20/1970 0:00 42.323737 -83.8911 865 772
134 81000003679  Shale 74 5  100 9/25/1970 42.324124 -83.891153 862 788
135 81000017797 Gray Shale 71 9  80 6/26/2007 42.32457 -83.89366 850 779
136 81000003681 Blue Shale 70 2  111 5/14/1974 42.324597 -83.890295 865 795
137 81000003682  Shale 95 19  95 7/29/1977 0:00 42.324879 -83.891369 860 765
138 81000003664  
Unidentified 
Consolidated 
Fm 93 17  93 12/3/1968 42.325767 -83.888086 975 882
139 81000011350 Gray Shale 262 7 001 06 85RW 262 1/13/2001 42.327837 -83.756039 962 700
140 81000003587  Shale 149 48  149 5/1/1979 42.327946 -83.830372 865 716
141 81000004842  Sandstone 301 20  301 11/3/1986 0:00 42.329041 -83.663765 870 569
142 81000003628 Blue Shale 100 13  100 9/7/1979 42.330303 -83.886823 875 775
143 81000011581  Shale 219 1  218 7/24/2001 42.330414 -83.834868 902 683
144 81000011829 Gray Shale 123 42 105488 123 11/21/2001 42.331673 -83.861338 857 734
145 81000010923 Gray Shale 123 42 010 54 88 123 11/21/2001 0:00 42.331895 -83.859522 871 748
146 81000014183 Gray Shale 245 6 300677 245 11/19/2003 42.332486 -83.658192 850 605
147 81000011827  
Unidentified 
Consolidated 
Fm 218 48 105198 218 10/13/2001 42.332967 -83.832648 932 714
148 81000005183  
Unidentified 
Consolidated 
Fm 260 33  260 9/3/1986 42.333387 -83.655789 861 601
149 81000017444  Shale 218 86 06 00267 218 8/29/2006 0:00 42.33426 -83.83035 937 719
150 81000017449 Gray Shale 175 12 WEL200600581 175 9/8/2006 42.33493 -83.83462 955 780
151 81000017451 Gray Shale 175 11 WEL200600581 175 9/6/2006 42.33498 -83.83456 955 780
152 81000017450 Gray Shale 175 12 WEL200600581 175 9/6/2006 42.33501 -83.83456 955 780
153 81000017448 Gray Shale 175 11 WEL2006005 175 9/6/2006 0:00 42.33505 -83.83458 955 780
154 81000017452 Gray Shale 175 11 WEL2006005 175 9/6/2006 42.33506 -83.83461 955 780
155 81000003636  Shale 178 130  178 5/18/1981 42.335341 -83.898888 865 687
156 81000014116 Gray Shale 118 8 300685 118 9/16/2003 42.335696 -83.861931 863 745
157 81000003635  Shale 128 55  128 10/1/1975 0:00 42.335858 -83.898386 870 742
158 81000003638 Blue Shale 158 89  158 5/20/1981 42.335958 -83.899316 865 707
159 81000003594  Shale 215 49  215 12/28/1977 42.337469 -83.846019 942 727
160 81000003573  Shale 197 40  197 10/9/1972 42.337586 -83.811633 920 723
161 81000003633 Blue Shale 144 69  144 6/25/1979 0:00 42.337792 -83.895485 865 721
162 81000003575  Shale 138 6  138 10/13/1972 42.337801 -83.811957 920 782
163 81000003632  Shale 165 95  165 12/21/1979 42.337834 -83.895148 865 700
164 81000001535 Blue Shale 136 45  136 7/3/1980 42.341986 -83.866495 900 764
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Figure A.4 Monitoring well locations.  
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Table A.2 Monitoring well description. 
 
 
OBJECT
ID 
Well Name
Depth 
1 (ft)
Depth 
2 (ft)
Lithology Description
Top of 
Casing 
(ft)
Total 
Depth 
(ft)
Longitude Latitude
Completion 
Date
Bedrock 
Elevation 
(ft)
1 MW_127d 213 215 Shale
Shale: Shale, hard (infer from 
drilling refusal and gamma log. 911.65 215 9/29/2010 698.65
2 MW_68 238 245 Shale
Shale, weathered, bluish gray, 
hard, dry. 945.26 245 83.7993 42.2752 8/13/2001 707.26
3 MW_62d 217 220 Shale Bluish gray, hard, dry. 910.74 220 12/4/2000 693.74
4 MW_63d 214 217 Shale Bluish gray, hard, dry. 912.09 217 1/8/2001 698.09
5 MW_128d 237 238 Shale
Shale: Shale, weathered. Gray, 
hard, dry. 915.04 1/27/2011 678.04
6 MW_56d 234 235 Shale Bluish gray, dry. 924.81 235 83.8139 42.2758 8/23/2000 690.81
7 MW_65d 277 278 Shale Shale, gray, hard drilling, dry. 928.49 278 83.7994 42.2779 7/12/2001 651.49
8 MW_67 233 235 Shale
Shale, slightly weathered, bluish 
gray, dry. 924.93 235 83.7954 42.2711 7/26/2001 691.93
9 MW_105d 246 246 Shale
Shale, weathered. Blue/ green, 
hard, dry. 911.43 246 83.799 42.2787 5/5/2006 665.43
10 MW_131s/d 202 205 Shale
Shale: Shale, platy. Bluish gray, 
hard, dry. 905.18 2/25/2011 703.18
11 TW_17 227.5 228.5 Shale
Shale, weathered, rock fragments. 
Blue/green, dry. 911.82 228.5 6/8/2004 684.32
12 MW_80 276 277 Shale Shale, platy, gray, hard, dry. 277.5 83.7833 42.2788 7/19/2002
13 TW_14 210 212 Shale Shale, gray, platy, dry. 905 212 3/15/2002 695
14 MW_70 225 230 Shale
Shale, slightly weathered, bluish 
gray, dry. 911.49 230 83.7955 42.2795 8/27/2001 686.49
15 MW_95 237 240 Shale
Shale, weathered, platy. Bluish 
gray, hard, dry. 914.95 240 83.7995 42.28 1/19/2005 677.95
16 MW_103d 238 242 Shale
Shale: Shale, weathered. Bluish 
gray, hard, dry. 902.97 242 3/13/2006 664.97
17 MW_89 295 300 Shale
Shale: Shale, bluish gray, platy, 
hard, dry. 942.96 301 83.7798 42.2803 5/12/2003 647.96
18 MW_90 297 299 Shale
Shale, based on drilling and gamma 
log (Rock in shoe). 951.24 299 83.7772 42.2805 5/21/2003 654.24
19 TW_18 226 230 Shale
Shale: Shale, weathered. Gray, 
hard, dry. 928.58 5/4/2005 702.58
20 MW_96 232 240 Shale
Shale: Shale, gray, weathered, 
hard, dry. @ 238, Sampled to 237', 
cored to 253' (no samples from 
237' 253'). 926.88 253 83.7996 42.2809 2/2/2005 694.88
21 MW_76d 273 274 Shale
Shale, bluish gray, platy, dry 
(based on cuttings in sand bailer). 925.57 274 3/25/2002 652.57
22 MW_66 197 198 Shale Shale, bluish gray, hard drilling, dry 911.25 197 83.8072 42.2817 7/19/2001 714.25
23 MW_87d 298 300 Shale Shale, platy. Bluish gray, hard, dry. 927.34 300 4/22/2003 629.34
24 MW_106d 233 235.5 Shale
Shale, platy, weathered. 
Blue/green, hard, dry. 922.06 235.5 5/22/2006 689.06
25 MW_94d 230 236 Shale Shale: weathered, gray, hard, dry. 918.89 236 83.7996 42.2819 1/10/2005 688.89
26 MW_71 231.5 236 Shale
Shale, weathered, platy, bluish 
gray, dry. 913.75 236 83.7929 42.2819 10/12/2001 682.25
27 MW_98d 197 200 Shale
Shale; trace fine gravel. Gray, 
weathered, hard, dry. 850.63 200 83.7622 42.2821 1/24/2006 653.63
28 MW_102d 170 173 Shale
Shale, weathered, platy. Gray to 
bluish gray, hard, dry. 843.14 173 83.746 42.2821 2/23/2006 673.14
29 MW_83d 272 275 Shale
Shale, with trace fine to medium 
Sand (10%). Bluish gray, soft, very 
dense, moist. 927.5 275 10/11/2002 655.5
30 MW_84d 257 260 Shale
Shale, bluish gray, soft, very 
dense, moist. 904.99 260 12/31/2002 647.99
Pall/Gelman Monitoring Wells in Bedrock Map
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Table A.3 Monitoring well description continued. 
 
OBJECT
ID 
Well Name
Depth 
1 (ft)
Depth 
2 (ft)
Lithology Description
Top of 
Casing 
(ft)
Total 
Depth 
(ft)
Longitude Latitude
Completion 
Date
Bedrock 
Elevation 
(ft)
31 MW_108d 226 227 Shale Shale, bluish gray, play, hard, dry. 910.64 226 83.7932 42.2828 10/23/2006 684.64
32 86_01 255 Shale
Shale: 5yr 7/1 light gray, platy, 
friable, very slow drilling. 922.8 210 2/28/2003 667.8
33 86_02 215 Shale
Shale: blue gray, platty, indistinctly 
parted, very slow drilling. 922.8 210 2/28/2003 707.8
34 86_03 235 Shale
Shale: blue gray, platty, very slow 
drilling. 922.8 210 2/28/2003 687.8
35 MW_85 286 289 Shale
Shale, weathered, bluish gray, dry. 
At 288', Sand as above (Play, 
laminated). 917.65 289 2/20/2003 631.65
36 MW_82d 263 265 Shale Bluish gray, platy, hard, dry. 906.08 264 83.769 42.283 8/12/2002 643.08
37 MW_69 221 225 Shale
Shale, bluish gray. Slightly 
weathered, hard, dry. 921.67 225 83.7992 42.2832 8/16/2001 700.67
38 MW_134d 212 216 Shale Shale: Blue gray. 920.07 3/29/2011 708.07
39 MW_72 275 280 Shale
Shale, weathered, platy, gray, 
hard, dry. 942.49 280 83.7863 42.2836 11/28/2001 667.49
40 MW_79 258 261 Shale
Platy, with trace fine gravel, bluish 
gray, dry. 906.01 201.5 83.78 42.2839 7/16/2002 648.01
41 MW_119 286 290 Shale
Shale: Shale, weathered. Gray, 
platy, hard, dry. 925.18 290 11/5/2008 639.18
42 MW_118 227 230 Bedrock
Shale, weathered, play. Bluish 
gray, hard, dry. 930.11 230 2/8/2008 703.11
43 MW_88 276 280 Shale Shale, platy. Gray, hard, dry. 920.76 280 83.7808 42.2845 4/30/2003 644.76
44 MW_81 255 261 Shale Shale, platy, hard, gray, dry. 920.15 260 83.778 42.2573 7/31/2002 665.15
45 IW_2 232 240 Clay/Shale Clay/shale, laminated bluish gray. 937.85 234 12/23/1997 705.85
46 MW_117 240 241 Bedrock
Driller notes very hard drilling, 
infer shale. 930.26 240 83.785 42.2858 1/29/2008 690.26
47 MW_99d 165 171 Shale
Shale, weathered. Gray, platy, 
hard, dry. 836.52 171 83.7602 42.2863 1/30/2006 671.52
48 MW_133d 219 220 Shale Shale: Blue gray. 928.94 3/18/2011 709.94
49 MW_101 278 281 Shale
Shale: Shale, weathered. Bluish 
gray, platy, hard, dry. 932.98 281 2/15/2006 654.98
50 MW_110 279 280 Shale
Shale: Shale, weathered; gravel, 
fine; bluish gray, hard, dry. 940.57 280 1/30/2007 661.57
51 MW_104 267 271 Shale
Shale, platy, weathered. Bluish 
gray, hard, dry. 938.69 271 83.7763 42.2883 3/23/2006 671.69
52 MW_97d 189 193 Shale
Shale, weathered. Gray, platy, 
hard, dry. 858.3 193 83.7541 42.2887 1/13/2006 669.3
53 MW_113 254 255 Shale
Bedrock: Shale, platy. Gray, hard, 
dry. 944.36 255 83.7869 42.289 12/4/2007 690.36
54 MW_130d 283 284 Shale Shale: Blue gray. 940.9 3/9/2011 657.9
55 MW_123d 270 276 Shale Shale. Bluish gray, platy, hard, dry. 936.7 276 83.7847 42.2913 5/18/2009 666.7
56 MW_129d 228 229 Shale Shale: Blue Gray. 946.54 2/18/2011 718.54
57 MW_136d 856.32 699.85
58 MW_137d   874.11    701.57
59 MW_138d   893.94    691.33
60 MW_139d   877.92    702.72
61 MW_140d   871.27    715.08
62 MW_141d   872.07    687.52
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Figure A.5 Combined well locations. 
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Figure A.6 Combined well locations, detailed. 
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APPENDIX B OUTCROP AND CORE PHOTOS 
 
Figure B.1 Huron County, site G showing vertical outcrop of Coldwater Shale. 
 
 
Figure B.2  Huron County, site G with near vertical joint sets and sub horizontal    
             fractures. 
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Figure B.3 Site G, nodule/concretion. 
 
 
 
Figure B.4  Site G; close up of nodule/concretion. 
124 
 
 
 
Figure B.5 Site G, thicker slabby type shale grading into thinner sandy shale near top  
of  outcrop. 
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Figure B.6 Site G, detail. 
 
 
Figure B.7 Site G weathered sandy shale. 
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Figure B.8 Site G, weathered shale. 
 
 
Figure B.9 Site G, shale and sandstone. 
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Figure B.10 Site G, shale and sandstone detail. 
 
 
Figure B.11 Site G, structural features. 
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Figure B.12 Site G, possible coal seam. 
 
 
 
Figure B.13  Site G, structural features. 
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Figure B.14 Site M, clay pit. 
 
 
 
 
Figure B.15 Site M, soft, wet, pliable clay. 
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Figure B.16 Site M, unoriented Coldwater Shale fragment. 
 
 
Figure B.17 Site M, unoriented, Coldwater Shale fragment. 
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APPENDIX C CORE DESCRIPTIONS AND PHOTOS 
Figure D.1 Site R, core description. 
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Figure C.1 Site Q core description. 
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Figure C.2 Site Q core description continued. 
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Figure C.3 Site Q core description continued.
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Figure C.4 Site Q core description continued. 
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Figure C.5 Site Q core description continued. 
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Figure C.6 Site Q core description continued. 
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Figure C.7 Site Q core description continued. 
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Figure C.8 Site Q core description continued. 
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Figure C.9 Site Q core description continued. 
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Figure C.10 Site Q core description continued. 
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Figure C.11 Site Q core description continued. 
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Figure C.12 Site Q core description continued. 
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Figure C.13 Site Q core description continued. 
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Figure C.14 Site Q core description continued. 
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Figure C.15 Site Q core description continued. 
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Figure C.16 Site Q core description continued. 
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Figure C.17 Site Q core description continued. 
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Figure C.18 Site Q core description continued. 
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Figure C.19 Site Q core description continued. 
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Figure C.20 Site Q core description continued. 
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Figure C.21 Site Q core description continued. 
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Figure C.22 Site Q core description continued. 
 
 
 
 
154 
 
 
 
Figure C.23 Site S core description. 
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APPENDIX D CALIBRATION CURVES 
 
Table D.1  Model Calibration Statistics 
 
Models A B C D E F G H I J
Residual Mean (ft) -0.160 -0.211 -0.263 -0.717 -3.717 -0.667 -0.646 -0.660 -0.844 -2.522
Absolute Residual 
Mean (ft) 7.618 7.626 7.620 7.581 7.837 7.463 7.458 7.452 7.431 7.487
Standard Error of the 
Estimate (ft) 0.808 0.808 0.808 0.807 0.813 0.820 0.820 0.819 0.819 0.825
Root Mean Squared (ft) 9.526 9.530 9.529 9.545 10.278 9.688 9.686 9.683 9.691 10.049
Normalized Root Mean 
Squared (%) 6.995 6.998 6.997 7.009 7.547 7.114 7.112 7.111 7.116 7.379
Correlation Coefficient 0.880 0.880 0.880 0.880 0.875 0.872 0.872 0.873 0.872 0.869
Calibration Statistics: Calculated vs. Observed Head: Steady State
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Figure D.2 Models A calibration curve. 
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Figure D.3 Model B calibration curve. 
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Figure D.4 Model C calibration curve. 
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Figure D.5 Model D calibration curve. 
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Figure D.6 Model E calibration curve. 
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Figure D.7 Model F calibration curve. 
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Figure D.8 Model G calibration curve. 
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Figure D.9 Model H calibration curve. 
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Figure D.10 Model I calibration curve. 
165 
 
 
 
Figure D.11 Model J calibration curve. 
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ABSTRACT 
MODELING BEDROCK TRANSMISSIVITY; IMPLICATIONS FOR 
CONTAMINANT TRANSPORT IN AN OVERLYING GLACIAL AQUIFER 
SYSTEM 
 
by 
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Degree: Master of Science 
This study evaluated alternative representations of bedrock surface and bedrock 
transmissivity on advective transport predictions in an 11 km x 15 km x 116 m groundwater 
model. Bedrock topography, initially based on a map by Kunkle (1961), was reinterpreted using 
data from 227 additional bedrock penetrations drilled in the last 55 years. Varying assumptions 
of hydraulic conductivity were employed to model a range of bedrock conductivity from 1 to 3 
orders of magnitude less than the overlying glacial aquifer system. MODPATH forward particle 
tracking and MT3DMS advective-dispersive transport modeling were employed to explore the 
influence of bedrock configuration and conductivity variability on predicted steady state 
contaminant transport pathways, travel times, and concentrations. For source conditions 
positioned along the eastern edge of the suspected 1,4-dioxane source zone, results indicate that 
model predictions differ on the order of a few years to decades in travel times and 10s to 100s of 
µg/L in concentrations, supporting the hypothesis that bedrock configuration and transmissivity 
influence groundwater flow and 1,4-dioxane transport in the overlying glacial aquifer system.   
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